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Abstract
Dye-sensitized solar cells and photoelectrochemical cells are promising technologies for
the future energy sector, and ultrathin insulating layers can improve their performance
significantly. Here a suitable well defined model system is established for surface science
to study the dye/insulator interface and first prototypical experiments are performed to
achieve a better understanding of adsorption structures of dyes and of occurring charge
transfer processes.
A crystalline atomic bilayer of alumina can be grown on the NiAl(110) surface and is
an established well understood substrate for catalysis studies studies under ultra-high
vacuum (UHV) conditions. To enable studies with variable tunneling barriers two methods
are explored to increase the thickness of this thin film: The high-temperature oxidation
of the clean NiAl(110) surface and the continued oxidation of the crystalline alumina
bilayer. The latter balances the relevant thermodynamic processes in a more favorable
manner and enables the production of thicker well-ordered films, as can be deducted
from low-energy electron diffractograms. The film growth is monitored using quantitative
X-ray photoelectron spectroscopy (XPS) and the topographic structure is of the films is
studied using low-energy energy diffraction (LEED) and X-ray photoelectron diffraction
(XPD). LEED indicates that the large unit cell of the alumina surface oxide is maintained
in the observed thickness range of up to 1.5nm and combined with XPD suggests the
formation of sub-nanometer sized γ-Al2O3(111) nuclei in this unit cell. The electronic
band structure of the thin films is mapped with angle-resolved photoemission and does not
change drastically during the film growth.
In a next step these alumina films are functionalized with metalorganic dye molecules. The
ultrathin alumina films on NiAl(110) are not stable in atmosphere and the NiAl continues
to oxidize in an uncontrolled manner, which obstacles the functionalization with dye
molecules from solution as a self-assembled monolayer (SAM). A vacuum chamber was
developed to overcome this limitation and to deposit SAMs without taking the substrate
out on air. The uncontrolled oxidation of the substrate can be reduced with this method
to less then one atomic layer. The deposited SAM acts as a capping and passivates the
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dye/insulator/metal-heterostructure against air. Five different dye molecules are deposited
on ultrathin alumina/NiAl(110) with this setup. Two prototypical ruthenium dyes and
three rhenium dyes are characterized with XPS and ultraviolet photoelectron spectroscopy
(UPS) to elucidate their electronic structure and to compare the molecular density of these
molecules. Further light is shed on the counterion coadsorption of one rhenium and one
ruthenium dye.
Ultrafast time-resolved core-level spectroscopy of rhenium 4f electrons in a
dye/insulator/metal-heterostructure is used to observe the oxidation of the metal cen-
ter upon optical excitation due to the metal-to-ligand charge transfer. An oscillating
appearance of the oxidized species is observed. It is found that ultrafast time-resolved core-
level spectroscopy is a promising technique with the potential to shine light on the charge
carrier dynamics in such heterostructures and into the intramolecular charge transfer.
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Zusammenfassung
Farbstoffsolarzellen und farbstoffbasierte photoelektrochemische Zellen sind vielver-
sprechende Technologien für die zukünftige Energieproduktion und ultradünne isolierende
Schichten können deren Leistung deutlich verbessern. Hier wird ein wohldefiniertes
Modellsystem für die Oberflächenforschung zur Untersuchung der Farbstoff/Isolator-
Grenzfläche etabliert. Erste prototypische Experimente werden durchgeführt, um ein
besseres Verständnis der Adsorptionsstrukturen von Farbstoffen und der auftretenden
Ladungstransferprozesse zu erreichen.
Eine kristalline atomare Doppellage aus Aluminiumoxid kann auf der NiAl(110)-
Oberfläche gewachsen werden, welche ein etabliertes gut verstandenes Substrat für
Katalyse-Studien im Ultrahochvakuum (UHV) ist. Um Studien mit variablen Tunnel-
barrieren zu ermöglichen, werden zwei Methoden genutzt, um die Dicke dieses Films
auf definierte Weise zu erhöhen: Die Hochtemperaturoxidation der sauberen NiAl(110)
-Oberfläche und die weitergeführte Oxidation der kristallinen Aluminiumoxid-Doppellage.
Letztere gleicht die relevanten thermodynamischen Prozesse vorteilhafter aus und er-
möglicht die Herstellung von dickeren geordneten Filmen. Das Filmwachstum wird
mittels quantitativer Röntgen-Photoelektronenspektroskopie (XPS) überwacht und die
topographische Struktur der Filme wird mit der Beugung niederenergetischer Elektronen
(LEED) und Röntgen-Photoelektronenbeugung (XPD) untersucht. LEED zeigt, dass die
große Elementarzelle des Aluminiumoxid-Oxids in dem beobachteten Dickenbereich von
bis zu 1.5 nm erhalten bleibt. XPD Daten und Simulationen impliziert die Bildung einer γ-
Al2O3(111)-ähnlichen Nahordnung. Dies wird als die Formation von Al2O3(111)-Keimen
in der grossen Einheitszelle interpretiert. Die elektronische Bandstruktur der dünnen Filme
wird mit winkelaufgelöster Photoemission abgebildet und verändert sich kaum während
des Filmwachstums.
Im nächsten Schritt werden diese Aluminiumoxidfilme mit metallorganischen Farbstoff-
molekülen funktionalisiert. Die ultradünnen Aluminiumoxidfilme auf NiAl (110) sind in
der Atmosphäre nicht stabil, da das NiAl unkontrolliert oxidiert. Dies beeinträchtigt die
Funktionalisierung mit Farbstoffmolekülen aus Lösung als selbstorganisierende Monolage
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(SAM). Eine Vakuumkammer wurde entwickelt, um diese Einschränkung zu überwinden
und SAMs aufzubringen, ohne das Substrat aus dem UHV-System zu entnehmen und
der Luft auszusetzen. Die unkontrollierte Oxidation des Substrats kann mit diesem Ver-
fahren auf weniger als eine Atomlage reduziert werden. Die deponierte SAM wirkt als
schützende Schicht und passiviert die Farbstoff/Isolator/Metall-Heterostruktur gegen Luft.
Mit diesem Aufbau werden fünf verschiedene Farbstoffmoleküle auf ultradünnem Alu-
miniumoxid/NiAl(110) aufgebracht. Zwei prototypische Rutheniumfarbstoffe und drei
Rheniumfarbstoffe werden mit XPS und Ultraviolett-Photoelektronenspektroskopie (UPS)
charakterisiert, um ihre elektronische Struktur aufzuklären und die Moleküldichte in der
Monolage zu vergleichen. Weiterhin wird auf die Koadsorption von Gegenionen von einem
Rhenium- und einem Ruthenium-Farbstoff eingegangen.
Zeitaufgelöste Femtosekunden-Rumpfelektronen-Spektroskopie von Rhenium 4f-
Elektronen in einer Farbstoff/Isolator/Metall-Heterostruktur wird verwendet, um die Oxida-
tion des Metallzentrums bei optischer Anregung aufgrund des Ladungstransfers vom Metall
zum Liganden zu beobachten. Ein oszillierendes Auftreten der oxidierten Spezies wird
beobachtet. Es wird dargelegt, dass die zeitaufgelöste Femtosekunden-Rumpfelektronen-
Spektroskopie eine vielversprechende Technik ist, um intramolekularen Ladungstransfer
und die Ladungsträgerdynamik in solchen Heterostrukturen aufzuklären.
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List of Acronyms
UHV ultra-high vacuum
XPS X-ray photoelectron spectroscopy
LEED low energy electron diffraction
XPD X-ray photoelectron diffraction
SAM self-assembled monolayer
UPS ultraviolet photoelectron spectroscopy
PES photoelectron spectroscopy
STM scanning tunneling microscopy
ESCA electron spectroscopy for chemical analysis
ARPES angle resolved photoelectron spectroscopy
TPP-2M Tanuma-Powell-Penn equation
2PPE two-photon photoelectron emission
tr-2PPE time-resolved two-photon photoelectron emission
PC positioning chamber
DC deposition chamber
AC analysis chamber
DFT density functional theory
DCO2bipy 2,2’-bipyridine-4,4’-dicarboxylic acid
SAMcham SAM deposition chamber
bipy diimine = 2,2’-bipyridine
DMPO3bipy 2,2’-bipyridine-4,4’-dimethylene phosphonate
OTf trifluoromethane sulfonate
TBA tetrabutylammonium
HOMO highest occupied molecular orbital
LUMO lowest unoccupied molecular orbital
MLCT Metal-to-ligand charge transfer
EUV extreme ultraviolet
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1 Introduction and scope of the thesis
The global energy consumption increased steadily in the past and will likely continue to
grow due to population and economic growth [1]. More than 60% of our current energy
demand is covered by coal, oil, and gas [2], which is unsustainable due to their limited
availability and the emission of greenhouse gases. Increasing usage of renewable energies
can be a solution to this problem. Solar power has a special place among the renewable
energy sources, as it has the highest potential among them to cover the global energy
needs [3, 4]. The cost of photovoltaic modules and electricity produced by them decreased
steadily since the 1970’s [5, 6]. This trend is expected to continue [6] and might lead to a
scenario where the cost of electricity produced by photovoltaic falls beneath the one of
fossil fuels. After energy generation, energy storage from such renewable energy sources
is a second challenge. Fig. 1.1 shows the Ragone plot for various methods of energy
storage, where power and energy density of different storage systems are compared. The
high energy density range is covered by chemical fuels, such as gasoline, methanol and
hydrogen. Further, they are suited for long-term energy storage [7]. A sensible goal is the
production and usage of such fuels in a carbon-neutral and sustainable way. This can be
achieved by photocatalytic water splitting and CO2 reduction [1, 8].
Photocatalytic water splitting uses the energy of light to generate hydrogen and oxygen
from water. The first observed example of an overall water splitting system was reported by
Fujishima and Honda on TiO2 photoelectrodes under ultraviolet illumination in 1972 [9].
Since then various mostly inorganic materials and structures have been and are explored in
order to find systems that achieve high solar light to hydrogen conversion efficiencies and
that rely at best on abundant materials [10–14]. Dye-sensitized photoelectrochemical cells
for water splitting are a comparably new field [14–16]. Similarly to dye-sensitized solar
cells [10, 17], light absorption and charge carrier excitation is achieved in dye molecules.
The absorption and electronic levels of these dyes can be tuned by molecular design
and offer a high amount of flexibility. The working principle of a simple dye-sensitized
photoelectrochemical cell for water splitting is depicted in Fig. 1.2: Solar light excites an
electron in a dye. The hole is filled by an electron originating the water oxidation catalyst,
1
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Figure 1.1: (a) Comparison of energy density and power density for different energy
storage systems. Reprinted from Ref. [7].
which produces oxygen. The excited electron in the dye is transferred via the substrate to a
counter electrode, where hydrogen is produced. Different configurations for such cells are
possible [14–16]. Recently a first tandem cell for light-induced overall water splitting was
reported, where organic dyes are used in the photocathode and the photoanode [18].
The efficiency of dye sensitized photoelectrodes is often determined by the kinetics of
charge separation [10] and this kinetics play also a mayor role in dye sensitized photoelec-
trochemical cells [16]. Insulating layers can modify the performance of dye sensitized
photoelectrodes [19–24], but a mechanistic understanding of the relevant processes is
often not achieved. Occurring effects include i.e. the passivation of surface states, oc-
cupation of interface or intermediate states, and modulation of transfer rates through
tunneling [22, 24–26].
The Nobel prize in chemistry was awarded in 2007 to Gerhard Ertl "for his studies of
chemical processes on solid surfaces" [28]. He used surface science tools like low-energy
electron diffraction (LEED), photoelectron spectroscopy (PES) and scanning tunneling
microscopy (STM) to study the synthesis of ammonia and the oxidation of carbon monox-
ide on metal surfaces of well-defined single crystals and elucidated the relevant processes.
2
Figure 1.2: Schematics of a simple dye-sensitized photoelectrochemical cell for water
splitting. Reprinted from Ref. [27].
Surface science had proven to give valuable insights into chemical processes at surfaces
and interfaces. The scope of this thesis is to deliver a suitable surface science model system
to study effects of an insulating layer in the dye-insulator interface of a photoelectrode. A
prototypical ultrathin insulator is the alumina surface oxide of NiAl(110), which consists
of two oxygen-aluminum-bilayers [29–33]. It is a well understood system [29–34] that has
been used for various catalysis studies [34–36], making it the substrate of choice to start
surface science investigations on the dye/insulator/metal interface.
Experimental results within this thesis are mostly based on photoelectron-based techniques,
which are described in the following chapter. Experiments are conducted under ultra-high
vacuum (UHV) conditions in an ESCA1 laboratory. The structure of the thin film is
described in detail. Two methods are explored with which the thickness of these alumina
films can be varied: The established direct oxidation of the NiAl(110) surface at one
temperature and oxygen pressure, and a multistep oxidation procedure. The later balances
the relevant thermodynamic processes in a more favorable manner and produces films
of higher crystallinity, as indicated by LEED. Structural changes within the thin film are
observed with X-ray photoelectron diffraction (XPD) and interpreted as a transition to a
more bulk-related structure. Further angle-resolved photoemission spectroscopy (ARPES)
is used to elucidate the band structure of the alumina thin films. In a next step the ultrathin
oxide films are functionalized with dye molecules from solution. As the NiAl substrate
is prone to oxidation under ambient conditions, this involved the setup of a dedicated
vacuum chamber, enabling the in vacuo deposition of self-assembled monolayers (SAM)
from solution. The molecular overlayer passivates the oxide thin film against air. In the
1electron spectroscopy for chemical analysis (ESCA)
3
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following, a total of five dye molecules based on rhenium and ruthenium are compared re-
garding coverage, counterion adsorption and electronic structure with X-ray photoelectron
spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS). At last, ultrafast
core-level spectroscopy on the metal center of a rhenium dye is implemented in collabo-
ration with the HARMONIUM facility at the EPF Lausanne. The movement of electron
density on the molecule induces a chemically shifted species, whichis used to study the
dynamics of the excited molecule.
4
2 Photoelectron spectroscopy
2.1 Photoelectric effect
When light shines on a material, the energy of the photons can be transferred to electrons
in the material. If the energy of the photons exceeds a certain threshold, the electrons
can obtain enough energy to leave the material. Albert Einstein stated already in 1905
that the maximum kinetic energy an electron can obtain (EMax) will be due to the energy
conservation be equal to the energy of one incoming photon (Ephoton). When these photo-
excited electrons leave the material, they need to overcome a material-dependent potential
barrier (Φ), thus reducing the maximum kinetic energy of the electrons [37]:
EMax = Ephoton−Φ. (2.1)
The material-dependent potential barrier Φ is the work function and the energy of the
photon is given by its frequency ν :
Ephoton = hν , (2.2)
where h is the Planck constant. The process of the electron leaving the atom or material
due to the photoelectric effect is called photoemission.
2.2 Three-step model of photoemission
In a solid, the photoemission process can be described by three steps [38, 39]:
1. excitation of the electron due to photon absorption
2. transport of the electron to the surface
3. escape of the electron into the vacuum
5
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Figure 2.1: Excitation of an electron from the initial state |Ψi〉 into the final state
∣∣Ψ f 〉.
Reprinted and modified from Refs. [39, 40].
2.2.1 Excitation of the photoelectron
The rapidly changing electric field can trigger the transition of an electron from the initial
state |Ψi〉 with the energy Ei to a final state
∣∣Ψ f 〉 with the energy E f by absorbing a photon.
The transition rate Γi→ f is given by Fermi’s golden rule:
Γi→ f =
2pi
h¯
∣∣〈Ψ f ∣∣Hper∣∣Ψi〉∣∣2ρ, (2.3)
and the density of the final states ρ is given by the energy conservation:
ρ = δ
(
E f −Ei−hν
)
. (2.4)
The perturbation Hamiltonian (Hper) of the electron due to the photon can in the absence
of extremely high field strengths be written as [38, 39, 41]:
Hper =− emecA ·p, (2.5)
6
2.2 Three-step model of photoemission
(a) (b)
Figure 2.2: (a) Universal curve of the inelastic mean free path (in monolayers). Modified
from Ref. [42]. (b) Calculated inelastic mean free paths for different materials
using the TPP-2M equation (equation 2.7).
where A is the vector potential of the light and p is the electron momentum. The transition
probability depends on the overlap of |Ψi〉 and
∣∣Ψ f 〉 and the wave function of ∣∣Ψ f 〉 will
depend on the used photon energy, as indicated in Fig. 2.1. Thus the transition probability
will be photon energy dependent [41].
2.2.2 Electron transport to the surface
Excited electrons moving in a solid can scatter due to various processes. An important
characteristic summarizing these processes is the inelastic mean free-path λ , which de-
scribes the distance an electron with a certain energy can travel on average in a solid
without scattering inelastically. This distance depends on the electron velocity h¯k/me and
the lifetime due to inelastic scattering processes τ [43]:
λ =
(
h¯k
me
)
τ , (2.6)
where k is the wave vector of the electron and me the electron mass. τ depends on the
interaction of the electron with the surrounding. λ follows a universal trend as depicted in
Fig. 2.2 (a).
For kinetic energies between 50 and 2000eV, λ (in) can be predicted using the Tanuma-
7
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Powell-Penn (TPP-2M) equation [43, 44]:
λ (EKin) =
0.1EKin
E2P
[
β ln(γEKin)− (C/EKin)+
(
D/EKin2
)] (in nm),
β =−0.10+0.944(E2P +E2G)−0.5 +0.069ρ0.1,
γ = 0.191ρ−0.5,
C = 1.97−0.91U,
U = Nυρ/M = E2P/829.4,
EP = 28.8(Nυρ/M)0.5,
(2.7)
where EP is the free-electron plasmon energy (in eV), Nυ is the number of valence electrons,
ρ is the density (in g/cm3), EG the band gap (in eV), EKin the kinetic energy of the electrons
(in eV), and the M is the atomic or structural unit weight (in g/mol). Fig. 2.2 (b) shows
calculated values for different materials.
2.2.3 Escape to the vacuum
After excitation, the photoelectron with a wave vector k can be described with the dispersion
of a free-electron:
E f (k) =
h¯2k2
2me
−E0, (2.8)
where E0 refers to the energy between the bottom of the valence band and the Fermi level.
After leaving the surface, the electron has a certain kinetic energy EKin. When considering
it as a free electron in the vacuum, it has a wave vector K :
Ekin(K) =
h¯2K2
2me
. (2.9)
The wave vectors are here separated in one component parallel to the surface and one
perpendicular:
E f (k) =
h¯2
(
k‖2 + k⊥2
)
2me
−E0,
EKin(K) =
h¯2
(
K‖2 +K⊥2
)
2me
.
(2.10)
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crystal
vacuum
𝜃
𝜃𝑖
𝒌
𝑘∥
𝑘⊥
𝑲
𝐾∥
𝐾⊥
Figure 2.3: Wave vectors vector of an electron before and after it penetrates a surface.
When moving from the inside of the material to the vacuum, the electron needs to overcome
the work function Φ. After that EKin is given by:
EKin = E f −Φ. (2.11)
This reduces the energy of the electron and thus the wave vector shortens as indicated
in Fig. 2.3. The parallel momentum of the electron and the corresponding wave vector
are maintained due to energy conservation and translational symmetry at the surface
[38, 39, 41]:
K‖ = k‖. (2.12)
Further, the parallel momentum in the crystal and in the vacuum can be expressed using
equations 2.10, 2.11 and trigonometry:
K‖ =
√
2mEKin
h¯2
sin(θ),
k‖ =
√
2m(EKin +Φ+E0)
h¯2
sin(θi),
(2.13)
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4d4p4s
3d
3p
3s
(a) (b)
Figure 2.4: (a) Illustration of core-level states in a solid and the resulting photoelectron
spectrum. Modified from Ref. [41]. (b) XPS of a silver sample. The observed
states are marked.
where θi and θ are the polar angles as indicated in Fig. 2.3. From equation 2.13 follows a
diffraction law for the electron waves:
sin(θi)
sin(θ)
=
√
EKin
EKin +Φ+E0
. (2.14)
The perpendicular momenta in the crystal k⊥ and the vacuum K⊥ are given by [39]:
k⊥ =
√
2m
h¯2
(EKincos2(θ)+E0 +Φ),
K⊥ =
√
2m
h¯2
(EKin)cos(θ).
(2.15)
2.3 X-ray photoelectron spectroscopy
The photoelectric effect can be used to excite electrons from core-levels, as indicated in
Fig. 2.4 (a). These photoelectrons are used for spectroscopy and bear information about
the chemical environment of the atom. Generally X-rays are used for the excitation of
photoelectrons from core-levels, resulting in the name X-ray photoelectron spectroscopy.
The kinetic energy of a photoelectron produced is given by:
EKin = hν−EB−Φ. (2.16)
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(a) (b) (c)
Figure 2.5: (a) Photoelectron wave from an emitter (Φ0) and wave scattered at an neighbor-
ing atom (ΦS). Reprinted from Ref. [41]. (b) Angle-dependent photoelectron
enhancement for an emitting copper atom due to a neighboring copper atom
for different photon energies. Reprinted from Ref. [45]. (c) Distribution of Bi
4f photoelectron intensity of a Bi(111) single crystalline surface. Reprinted
from Ref. [46].
The binding energy EB of the electrons is the energy difference between the Fermi level and
the respective core-level. Fig. 2.4 (b) shows a measured XPS of a silver sample. Occurring
binding energies are characteristic for certain elements. Thus this method can be used for
elemental analysis. Binding energies also depend on the chemical environment and can
give information about the chemical environment of the emitting atom. The inelastic mean
free path of the photoelectrons is typically a few nanometers or less (see subsection 2.2.2),
making it a surface sensitive method.
2.4 X-ray photoelectron diffraction
Photoelectrons from core-levels originate from specific atoms and thus have well-defined
sources. The wave-particle dualism states that these photoelectrons have wave properties.
Photoelectron waves can scatter at neighboring atoms and produce scattered waves, as
depicted in Fig. 2.5 (a). Both waves will form an interference pattern, which will modulate
the photoelectron intensity. Fig. 2.5 (b) shows the calculated intensity enhancement X of a
copper atom due to a neighboring atom due to this effect [45]. For higher kinetic energies
the intensity is increased more and more in the forward direction, which is called forward
scattering enhancement. On single crystalline samples, this effect can result in highly
anisotropic X-ray photoelectron diffraction pattern. Fig. 2.5 (c) shows the distribution of
photoelectron intensity of the Bi 4f core-level electrons originating from a Bi(111) surface
11
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Figure 2.6: Scheme for recording the band structure of a solid with ARPES. (a) Transition
from the initial state into the final state due to photon absorption. (b) After the
electron is transferred into the vacuum it can be described as a free electron. (c)
Detection of photoelectrons leads to a photoelectron spectrum of the valence
band. Reprinted from Refs. [38, 47].
over the hemisphere above the sample [46]. These interference patterns carry information
about the position of the emitting and scattering atoms.
2.5 Angle-resolved photoemission spectroscopy
Valence band electrons and thus electrons close to the Fermi level define essential electric
properties of a material. Ultraviolet photoelectron spectroscopy and in particular angle-
resolved photoemission spectroscopy (ARPES) give direct information about the electronic
structure of materials by measuring emitted photoelectrons in dependence of their kinetic
energy, emission angle and photon energy. Photoelectrons originating from these electronic
states have low binding energy and can according to equation 2.16 be measured with
ultraviolet photons. As described in subsection 2.2.3, the electrons are excited in the solid
and brought into the final state (Fig. 2.6 (a)). For low photon energies the momentum
of the photon is negligible, and thus the momentum of the electron is nearly preserved.
The photon is transferred to the vacuum (Fig. 2.6 (b)), and the photoelectron spectrum
is detected (Fig. 2.6 (c)). By recording spectra for different emission angles and photon
energies it is possible to vary k‖ and k⊥ according to equations 2.13 and 2.15 to elucidate
the band structure.
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(a) (b) (c)
Figure 2.7: (a) Excitation of the system from the initial state to the intermediate state with
the pump pulse. (b) Relaxation of the system. (c) The population of the final
state from the intermediate state with the probe pulse after a certain time delay.
Reprinted from Ref. [48].
2.6 Time-resolved photoelectron spectroscopy
Time-resolved photoelectron spectroscopy gives insights into ultrafast dynamical processes.
Pulsed light sources excite the system of interest with a pump pulse, and probe photoelec-
trons from the excited system after a certain time delay. Varying the time delay between
both pulses allows studying the temporal evolution of processes. Fig. 2.7 shows the
principle of time-resolved two-photon photoelectron emission (tr-2PPE). The population
of the final state
∣∣Ψ f 〉 does not happen in one step (as in ARPES or XPS), but rather in
three steps:
1. A pump pulse brings electrons from the initial state |Ψi〉 into an excited intermediate
state |Ψk〉.
2. The intermediate state has a certain lifetime. The occupancy of |Ψk〉 changes over
time, as the system relaxes.
3. The system is probed after a certain time delay by a second photon pulse, bringing
electrons from the intermediate state |Ψk〉 into a final state
∣∣Ψ f 〉 above the vacuum
level.
The number of electrons that are transferred from the intermediate state |Ψk〉 into a final
state
∣∣Ψ f 〉 depends on the occupancy of |Ψk〉. When varying the time delay between pump
and probe pulse, the population of |Ψk〉 is probed as a function of time. It is also possible
to probe electrons that were not excited by the pump pulse, when the photon energy of the
probe pulse is higher then the work function.
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3 ESCA laboratory
The experiments described in chapters 4 to 6 were performed in a user modified ESCA
laboratory in the surface physics group of the University of Zürich, as well as the sample
preparation for the experiments described in chapter 7. The base pressure is below
3 ·10−10 mbar. A photograph is shown in Fig. 3.1 (a) and for clarity a scheme is depicted
in Fig. 3.1 (b). This UHV system consists of various chambers which are separated by
gate valves and have different functions:
• Positioning chamber (PC): The PC is the center of the system with the function of
transferring up to three samples at the same time between the chambers. It hosts a
manually-operated manipulator which can perform a 360◦ rotational movement and
has an extendable and retractable arm, on which samples are placed. This chamber
also hosts a commercial LEED setup.
• Deposition chamber (DC): The purpose of this chamber is the sample cleaning and
preparation. A sputter gun is attached for sample cleaning and the samples can be
heated to temperatures above 1300K. Gas bottles and evaporators are attached to
perform further sample preparation steps, like gas exposure or material deposition.
• Analysis chamber (AC): The AC hosts the tools for photoemission experiments.
It is equipped with a hemispherical six-channeltron detector for photoelectron de-
tection. The performance is described in detail in Ref. [49]. A twin anode X-ray
source delivers non-monochromatic Mg and SiKα radiation, with photon energies
of 1253.6eV, and 1740.0eV respectively. Further a monochromatized AlKα source
is available with a photon energy of 1486.6eV. A helium discharge lamp delivers
light which is monochromated with a grating for ARPES and UPS experiments.
• STM chamber: The STM chamber hosts a room temperature STM.
• Entry lock: The entry lock can be vented with nitrogen, while the other chamber
remain under vacuum. It is used to exchange samples.
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(b)
Figure 3.1: (a) Photograph of the ESCA laboratory (as of 29th May 2018). (b) Correspond-
ing scheme.
• SAMcham: Within the scope of this thesis, a further chamber was added to the
system to deposit SAMs on samples without exposing them to air. Two flasks are
attached for SAM deposition with molecule solution and solvent for rinsing.1 The
molecule deposition is described in detail in section 5.2.
1These flasks were prepared by Mathias Mosberger (bioorganometallic & radiochemistry group, University
of Zürich).
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This chapter describes the growth and structure of ultrathin alumina films grown by
selective oxidation of a single crystalline NiAl(110) surface. A film with a thickness of two
atomic bilayers1 can be grown on NiAl(110), hence termed 2L-alumina within this thesis. It
is among the thinnest homogenous alumina films [50]. A brief introduction to the structure
of 2L-alumina/NiAl(110) and occurring defects is given. Precise control of the alumina
layer thickness is important to control tunneling processes through these insulating films.
Thus two methods are discussed to obtain thicker films. The high-temperature oxidation of
NiAl(110) is described, with the goal to grow homogenous crystalline tunneling barrier of
various thickness. The results with this method are not satisfactory. A paper is included
which describes a multistep oxidation procedure for growing thicker films which are of
higher quality [51]. The paper further describes structural changes occurring in thicker
films and the bandstructure measured with ARPES.
4.1 Structure of 2L-alumina/NiAl(110)
Ultrathin alumina films consisting of two aluminum-oxygen-bilayers can be grown homo-
geneously on NiAl(110) surfaces. The growth and structure was first described by Jaeger et
al. in 1991 [29]: The clean NiAl(110) surface is oxidized at 550K and an alumina surface
oxide forms. Subsequent annealing at 1200K results in the crystallographic ordering of
the oxide thin film [29]. It has a large unit cell and a complex nonstoichiometric structure,
which was resolved by a combination of STM and density functional theory (DFT) in 2005
by Kresse et al. [31]. The structure of 2L-alumina/NiAl(110) is shown in Fig. 4.1 (a).
The large unit cell contains 92 atoms and has a stoichiometry of Al10O13. The interfacial
Al atoms bind with one electron to underlying Ni atoms and anchor with two electrons
the oxide film, leading to an ionicity of +2 for these atoms [31]. They are arranged in
pentagon and heptagon pairs [53]. The oxygen atoms in the interface layer are located
1one bilayer consists of one oxygen and one aluminum layer
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(a)
(b)
(c)
(d)
(e)(d)
Figure 4.1: Top (a) and side view (b) of 2L-alumina/NiAl(110) based on the structural
model from Kresse et al. [31]. Reprinted from a submitted paper [52]. (c)
LEED pattern (E=67.2eV) of 2L-alumina/NiAl(110). (d) Dimensions of 2L-
alumina and NiAl(110) unit cells. Both reflection domains (A and B) are
indicated. The orientation of straight (I) and zigzagged (II) antiphase domain
boundaries are indicated. (e) STM of 2L-alumina/NiAl(110) showing the
different line defects. The unit cell is marked in several domains as a white
rectangle. (d) and (e) Modified from Kulawik et al. [32].
between two interfacial Al atoms. The surface Al atoms are located above the interfacial
oxygen atoms. They have either three or four neighboring surface oxygen atoms, forming
thus either tetrahedral or pyramidal structural units. The stacking can be described in total
as Os72 – Als63+/Oi62 – Ali42+/NiAl(110), where Xs denotes atoms in the surface and Xi at
the interface. The unit cell vectors enclose an angle of 89◦ and the mesh is rotated by 24◦
to the substrate [29]. Due to the symmetry of the substrate, this induces the growth of
reflection domains [29], which together with the large lattice vectors cause the complex
LEED pattern shown in Fig. 4.1 (c).
The 2L-alumina unit cell is commensurate along the
[
11¯0
]
direction of the substrate, but
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T=1020 K T=1050 K
T=1090 K
T=1070 K(a) (b)
(d)
(c)
(e) (f)
Figure 4.2: LEED pattern (E=67.2eV) of a NiAl(110) surface oxidized at an oxygen
pressure of 6.6 ·10−7 mbar (dosage of 1200L) at (a) 1020K, (b) 1050K, (c)
1070K and (d) 1090K. The surface Brillouin zone and reciprocal lattice vectors
of NiAl(110)(1×1) are indicated in (a) with red. (e) LEED pattern (59eV) of
NiAl(110) oxidized at 1020K, 6.6 ·10−8 mbar, 1200L. (f) As (e) but D=4000L.
(d) and (f) modified from Song et al. [54].
is incommensurate along the [001] direction [29]. This lattice mismatch and the domain
boundaries cause a characteristic line defect network, as indicated in Fig. 4.1 (d) and (e).
Reflection domain boundaries separate the both reflection domains and do not show a
characteristic structure [32]. Two types of antiphase domains boundaries were previously
observed within the same reflection domain and are the result of an additional rows of
atoms [32, 33]. Antiphase domains can be straight or zigzagged [32].
4.2 High-temperature oxidation of NiAl(110)
A previously followed approach to form ordered alumina films of variable thickness is the
direct high temperature oxidation of the NiAl(110) [54–57]. The NiAl(110) is exposed to
oxygen at a fixed pressure and at a fixed temperature. Ordered films can be formed with
that method. Crucial are the used temperature and oxygen pressure, which appear difficult
to balance when a fixed pressure and temperature is used during the film growth [54–56].
For crystallization and supply of aluminum atoms from the bulk, a high temperature is
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required. Too high temperatures facilitate the reduction of the surface oxide and reduces
the sticking coefficient of oxygen. Fig. 4.2 (a) to (d) show LEED pattern of four different
preparations, where the oxidation temperature was varied systematically. Clean NiAl(110)
surfaces were exposed for 40 minutes to an oxygen pressure of 6.6 ·10−7 mbar at different
temperatures. Fig. 4.2 (b) exhibits the sharpest LEED spots, indicating that at 1070K the
crystallinity is the highest. When comparing Fig. 4.2 (b) to a typical LEED for the in
section 4.1 described low temperature oxidation with subsequent annealing (Fig. 4.1 (c)) it
becomes obvious that the resulting films are of lower crystallinity.
Better results using the high-temperature oxidation have been reported by Song et al. [54]
with lower oxygen pressures (see Fig. 4.1 (e)) [54, 55], but the crystallinity decreases for
longer oxygen exposures (Fig. 4.1 (f)). Further, the growth rate is impracticable: The film
from Fig. 4.1 (f) had a thickness of 1.1nm after exposing the NiAl(110) surface to an
oxygen pressure of 6.6 ·10−8 mbar for more than 22 hours. To overcome this limitation
and to grow thin films in an acceptable time and quality, a multistep oxidation procedure
was developed.
4.3 From two- to three-dimensional alumina: Interface
templated films and formation of γ-Al2O3(111) nuclei
The content of this section and its belonging supplementary (Appendix A.1) are published
as an article2. The reference is in the bibliography [51]. The XPD simulation code used in
this paper was improved at a later stage (Appendix A.2), which led to better quantitative
results.
4.3.1 Abstract
Oxide thin films are of fundamental importance due to their applications in material
science, optics, corrosion protection, catalysis, and microelectronics. A new multi-step
oxidation procedure is employed to precisely tune the alumina (Al2O3) thickness
on a NiAl(110) alloy from two atomic bilayers to 1.5nm. Structural changes are
analyzed with X-ray photoelectron diffraction and low-energy electron diffraction.
The long-range order does not relate to any bulk structure and is imposed by the
2Minor changes were made to improve the readability of this section in the context of this thesis. Further,
the experimental section was shifted to the end.
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crystallized interface. The large unit cell formed at the interface persists in thicker
films. In contrast, the local order changes at a thickness above 0.5nm from the complex
structure of this pre-layer under formation of subnanometer-sized γ-Al2O3(111)-type
nuclei. The band structure is monitored with angle-resolved photoelectron spectroscopy.
Increasing film thickness results in a slight decrease of the work function but does not
lead to significant changes of the electronic band structure. The presented multi-step
procedure opens a route for the synthesis of thin film structures in general and in particu-
lar, provides fundamental insight into the surface structure of spinel-based transition Al2O3.
4.3.2 Introduction
Many oxide materials are electrically insulating, which renders the characterization of
their surface properties difficult with most of the surface science tools that are typically
electron- or ion-based [35]. This insulating character can be overcome by studying these
materials in the form of a few atomic layer thick ultrathin films prepared on conducting
substrates. In heterogeneous catalysis, this approach has been used extensively in the
last decades and many of these model ultrathin oxide films were studied under UHV
conditions with great control [58, 59], providing fundamental insights into the structural
and electronic properties of these materials [60].
However, the properties of ultrathin oxide films often deviate from their respective bulk
counterparts [61], and can significantly change depending on the film thickness. This was
demonstrated for gold adatoms on MgO ultrathin films epitaxially grown on Ag(100),
where both the preferred adsorption site as well as the charge state can be altered by
increasing the oxide film thickness [62–64]. Similar concepts also apply to molecules
adsorbed on insulating ultrathin films: The gap between the highest occupied and lowest
unoccupied molecular orbital as well as the charge transfer upon adsorption depend not
only on polarization effects at the interface, but to a large extent also on the thickness of
the insulating layer [65–67]. Catalytic activity can also change drastically in such systems:
Recently it was shown that due to changes in the electronic properties the CO oxidation
activity of palladium clusters deposited on alumina (Al2O3) films on Re(0001) strongly
depends on the film thickness [68]. To fully understand which properties of the adsorbed
species rely on the adsorbate/oxide interface and which are influenced by the underlying
substrate material, the oxide thickness needs to be varied in a controlled manner [69].
Al2O3 is one of the most technologically relevant oxide materials. The stable bulk phase is
α-Al2O3, also called corundum or sapphire. Several further metastable phases exist, e.g.
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γ-, δ -, θ -, χ-, κ-, κ ′- and η-Al2O3 [70]. γ-Al2O3 is of special technological importance,
as it is the most frequently used catalyst support for hydrotreating [71]. Despite its
relevance, the detailed structure of γ-Al2O3 is still under debate [70, 72]. It is generally
described as a defective spinel structure, however no general agreement exists on the
detailed location of cation vacancies and the occupation of interstitial sites [70, 72].
Recently, the growth of well-defined crystalline (100)-oriented spinel alumina films was
demonstrated on a MgAl2O4(100) surface [73]. They deliver a satisfactory model system
for spinel-based transition alumina (γ-, δ -, and η-Al2O3) [73], but the insulating nature of
the MgAl2O4 substrate limits its application as model system.
A viable approach for the synthesis of ultrathin oxide films is based on the selective
oxidation of suitable bimetallic alloys [29,74–77]. The prototypical example is an ultrathin
alumina film on the NiAl(110) substrate [29, 31], which has been widely used as a support
in model catalytic studies [34–36, 78]. This ultrathin surface oxide has an Al10O13 stoi-
chiometry, consists of two atomic bi-layers and has a Os2 – 7 Als3+6/Oi2 – 6 Ali2+4/NiAl(110)
stacking (Xs and Xi refer to surface and interface species, respectively). In the following,
this thin film will be denoted as 2L-alumina [31]. Its complex unit cell contains 92 atoms
with Als bound either pyramidally or tetrahedrally, adapting a structure that cannot be
clearly assigned to any bulk phase [31]. The unique structure and the non-stoichiometric
nature of this 2L-alumina oxide layer recently raised questions to what extent this surface
oxide could be an approximant of γ-Al2O3 [71]. If the thickness of the alumina film could
be increased, the influence of the substrate and the interface on the surface weakens, which
is expected to result in alumina films that better represent the properties of bulk Al2O3
phases. Several routes to increase the thickness of 2L-alumina were studied previously:
It was shown that metal clusters on 2L-alumina can bind and dissociate oxygen, which
then spills over from the clusters and oxidizes the bimetallic substrate [79–81]. Further,
oxidizing molecules such as water [82, 83] and nitrogen dioxide [84, 85] were shown to
adsorb, dissociate and react with subsurface aluminum atoms. Exposure to water [83]
and oxygen [86] in the millibar range or atomic oxygen [85] can significantly increase
the oxide thickness, but this approach does not result in ordered thin films. Previous
routes for thicker crystalline films included deposition and subsequent oxidation of
aluminum atoms [57] and the direct oxidation of the substrate [55]. These studies
indicate the feasibility of growing ordered alumina films, but it appears to be difficult
to balance the processes of oxidation, crystallization, atomic diffusion and oxide de-
composition in a favorable manner at one fixed temperature and chemical potential [55,56].
In this paper, we describe a new method for the synthesis of thicker alumina films with
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excellent crystallinity on the NiAl(110) substrate: The as-grown 2L-alumina/NiAl(110)
system is annealed in UHV at elevated temperature to ensure a high degree of crystallo-
graphic order at the interface. The oxidation is continued after this at lower temperature
and higher oxygen pressures to increase the thickness and to avoid oxygen desorption. The
film growth is monitored stepwise by XPS. The damping of the substrate peaks indicates
the formation of a homogenous overlayer. LEED confirms excellent crystallinity. XPD
reveals changes in the short-range atomic order: While increasing the film thickness, the
local formation of subnanometer-sized γ-Al2O3(111)-nuclei is observed. Surprisingly, the
complex surface unit cell of the 2L-alumina film [29, 31] is maintained when increasing
the film thickness, implying that the new layers follow the arrangement of the interface
layer. The subnanometer γ-Al2O3(111)-nuclei manifest themselves in the LEED pattern as
hexagonal building blocks of octahedrally-coordinated aluminum within the 2L-alumina
unit cell. A spreading of these motifs is observed with increasing thickness of the
oxide film, delivering the first experimental contribution to elucidate the structure of the
γ-Al2O3(111) surface. Band structure measurements by ARPES reveal no significant
changes in the electronic structure upon increasing film thickness.
4.3.3 Data and discussion
Fig. 4.3(a) shows the Al 2p and Ni 3p core level spectra for the different preparation steps
during the oxide growth. The spectrum of the NiAl(110) surface exhibits the metallic Ni0
and Al0 peaks, to whose height all spectra are normalized. During the whole oxidation
procedure these peaks and their ratios show no significant change, indicating that the
supplied thermal energy is sufficient to enable diffusion inside the substrate. Oxidation
of 2L-alumina films yield additional signals at higher binding energies which originate
from interfacial Ali2+ and Als3+ atoms [53]. With continued oxidation, the Al3+ intensity
at a binding energy of 75.3eV rises. The oxide thickness (d) is calculated by the intensity
ratio of the oxidized Al species (IO) and the metallic Al0 peak (IM) according to equation
(1):
d =λO · cos(θ) · ln
NM λM
NOλO
IO
IM exp
(
d
λO cos(θ)
) +1
 , (4.1)
where θ refers to the electron emission angle with respect to the surface normal, λx to
the inelastic mean free path and Nx to the density of Al atoms in the material x. Eq. (1)
is similar to the one in Ref. [87] but additionally considers the observed attenuation of
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Figure 4.3: (a) Al 2p and Ni 3p core level spectra of NiAl(110), 2L-alumina/NiAl(110)
and of thicker alumina films on NiAl(110). An increase of the Al3+ signal
indicates oxide formation. (b) Increase of the alumina film thickness versus
the total oxygen dosage D.
photoelectron intensity from the metal substrate below the oxide. λx is calculated with
the TTP-2M equation [88]. Fig. 4.3(b) displays the evolution of the alumina thickness.
After an oxygen dosage of 6 ·104 L, the film thickness increases from two atomic bilayers
(0.4nm) to nine atomic bilayers (1.5nm). The indicated error bars are mainly attributed
to uncertainties of λM [88]. A slight saturation behavior is observed, as the growth rate
decreases according to the Cabrera-Mott theory for oxidation with increasing thickness [89].
However, a further growth beyond 1.5nm under the used experimental conditions appears
possible.
Non-normalized spectra shown in Fig. A.1 (Appendix A.1.1) illustrate the exponential
attenuation of the two substrate peaks by the oxide overlayer. The resulting damping
constant of 2.24±0.07nm is in good agreement with the calculated value of 2.67±0.47nm
obtained from a continuous overlayer model with the inelastic mean free path from the TPP-
2M equation [88, 90, 91]. This indicates a high degree of film uniformity and flatness. A
strong corrugation of the film surface would lead to substantially longer damping constants.
To gain insight into the short-range order, we employ angle-scanned XPD [92]. Fig. 4.4(a)
shows XPD patterns of the oxygen 1s peak from 2L-alumina and from a 1.0nm thick film,
which were recorded at the corresponding peak maxima while subtracting the spectral
background (Fig. 4.4(c) right panel). Mainly forward scattering contributes at the given
kinetic energy to the detected intensity modulation [92]. Due to the large unit cells involved
in the system, and the concomitantly huge number of inequivalent oxygen emitter sites,
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Figure 4.4: (a) Experimental O 1s XPD pattern of 2L-alumina (left) and a 1.0nm thick
film (right). (b) Forward scattering simulations of 2L-alumina (left) and
γ-Al2O3(111) with a two-fold symmetry (right). (c) Left: Polar cuts along the
〈001〉 and 〈11¯0〉 azimuthal directions of the NiAl(110) substrate (red and blue
as marked in (a) for different film thicknesses). In 2L-alumina tetrahedral (I)
and octahedral (II) building blocks are present [31]. For thicker films we ob-
serve the formation of a two-fold cubic(111) structure. Right: Corresponding
core level spectra. Dotted lines denote the intensity maxima. (d) Occurring
building blocks as marked in (c). Oxygen and aluminum atoms are colored red
and blue, respectively. The gray and black arrows indicate normal emission
and forward scattering directions, respectively.
we limit the modelling of these patterns to a simple forward scattering simulation, where
all interatomic vectors originating from oxygen atoms are projected onto the unit sphere
and represented in stereographic projection for comparison with the experimental data.
The simulation is based on the structural models from Ref. [31, 93]. The code considers
a scaling of the total elastic scattering cross section as given by Browning et al. [94], an
exponential intensity decrease with the distance between emitter and scatterer due to the
inelastic scattering of electrons [88], and a decrease of the forward scattering amplitude
with the square of the distance between emitter and scatterer. A Gaussian blur of σθ = 5◦
and σφ = 5◦/sin(θ) is used for the binning of the forward scattering maxima onto the
same grid of polar and azimuthal angles as used for the data acquisition. The goal of these
simulations is not a perfect reproduction of the measured XPD patterns, but to qualitatively
reproduce the dominating features responsible for the photoelectron intensity modulation.
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When comparing these forward scattering calculations with experimental XPD data, the
focus lies on the identification of dominant interatomic vectors within these highly complex
surface structures.
In the case of 2L-alumina, and while neglecting weak interference fringes [41], oxygen
emitters in the surface layer (Os) should not contribute to the intensity modulation, but they
contribute to the XPD pattern as scatterers. Likewise, oxygen atoms from the interface
layer (Oi) contribute only as emitters and not as scatterers. Their photoelectrons undergo
forward scattering off the aluminum and oxygen atoms in the surface layer (Os and Als).
Polar cuts for alumina films of different thickness are shown in Fig. 4.4(c). For 2L-alumina,
the short-range order is dominated by tetrahedral and pyramidal building blocks [31], as
shown in Fig. 4.4(d) I and II. Tetrahedrally-coordinated aluminum is also present in
most bulk phases, however, the pyramidally-coordinated aluminum can be regarded as a
precursor of octahedrally-coordinated aluminum [31]. For both of these building blocks,
photoelectrons emitted from an Oi-atom will undergo forward scattering off an Als-atom
on top, leading to the observed intensity increase at normal emission (θ = 0◦). As the
blocks are highly distorted in 2L-alumina, the Als are placed not directly above Oi, leading
to the small inner circle in the simulation (Fig. 4.4(b), left pattern). For higher thicknesses,
the feature at normal emission narrows significantly in the experimental data, indicating an
increased local ordering.
In an ideal tetrahedral block (I), the photoelectrons from Oi will undergo forward scattering
at Os under an emission angle of θ = 36◦. In the case of a pyramidal block (II), the ideal
emission angle would be θ = 45◦. Since the building blocks in 2L-alumina are highly
distorted, the scattering angles range according to the model of Kresse et al. [31] from 30◦
to 40◦ for tetrahedral blocks and from 40◦ to 48◦ for pyramidal blocks (Fig. A.2, [31]). A
clear forward scattering maximum is observed at θ = 34◦ in the NiAl 〈001〉 direction (red
curve), which is caused by a preferred ordering of the tetrahedral blocks. For thicker films,
a further increase of this signal is observed in the measured data, indicating the presence
of more or better aligned tetrahedral blocks. The forward scattering maximum due to the
pyramidal blocks occurs in 2L-alumina at 44◦ and can be observed best along the NiAl〈
11¯0
〉
direction (blue curve in Fig. 4.4(c) and Fig. A.2 (b) [31]).
For a 0.8nm thick alumina film the pyramidal signature is still present in the measured
data (Fig. 4.4(c)), while typical scattering angles for a cubic(111) structure start to appear
and become well recognizable for the 1.0nm thick film (θ = 0◦, 35◦, 55◦ and 71◦). This
indicates that a critical thickness is required for the orientation change of the octahedral
blocks from {100} to {111}. In Fig. 4.5 the polar cuts of the 1.0nm thick film from
Fig. 4.4(c) are compared to forward scattering calculations of γ-Al2O3(111) with a two-
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Figure 4.5: (a) O 1s polar cut of the 1.0nm thick film along the
〈
11¯0
〉
azimuthal direction
of the NiAl(110) substrate (blue line, see Fig. 4.4 (c)) compared with forward
scattering calculations for γ-Al2O3(111) with a two-fold symmetrization (black
line, γ-Al2O3
〈
2¯11
〉
and
〈
21¯1¯
〉
direction). (b) Corresponding polar cut along
the 〈001〉 azimuthal direction of the NiAl(110) substrate (red line, see Fig. 4.4
(c)) compared with forward scattering calculations for γ-Al2O3(111) with a
two-fold symmetrization (black line, γ-Al2O3
〈
1¯10
〉
and
〈
11¯0
〉
direction).
fold symmetrization (Fig. A.3 (b) [93, 95, 96]), which shows a better agreement than
α-Al2O3(0001) (Fig. A.3 (c), [93, 95, 96]). The scattering features of the γ-Al2O3
〈
2¯11
〉
and
〈
21¯1¯
〉
direction appear along the
〈
11¯0
〉
azimuthal direction of the NiAl(110) substrate
(Fig. 4.5(a)), and scattering features of the γ-Al2O3
〈
1¯10
〉
and
〈
11¯0
〉
direction are visible
along the 〈001〉 azimuthal direction of the substrate. The maximum at θ = 64◦ can be
attributed to an interference fringe [41].
After the orientation change of the octahedral blocks, the short-range order is thus best
described as γ-Al2O3(111)-like. Forward scattering maxima along the
〈
11¯0
〉
azimuthal
direction of the NiAl(110) substrate (Fig. 4.5(a)) match well with those predicted for the
bulk material. Differences between predicted and measured scattering angles might be
attributed to further unconsidered bonds, interface induced distortion, surface relaxation or
reconstruction. Further it should be noted that the measured intensity anisotropies become
significantly smaller for bigger polar angles θ . A reduced order between photoelectron
emitters and scatterers in larger distance is a reasonable interpretation, indicating the
formation of small γ-Al2O3(111)-nuclei.
The complex structure of the 2L-alumina film was previously resolved by using scanning
tunneling microscopy and ab-initio density functional theory [31]. Compared to the
NiAl(110) substrate, the film has large unit cells and grows in two rotational domains as
shown in Fig. 4.6(a). The large real space lattice vectors of 2L-alumina lead to comparably
small reciprocal lattice vectors. A complex LEED pattern shown in Fig. 4.6(b) is the result.
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Figure 4.6: (a) Dimension and domains of the 2L-alumina surface unit cell with respect
to the NiAl(110) substrate (a1 = 2.89Å, a2 = 4.08Å, ^(a1,a2) = 90◦, b1 =
10.6Å, b2 = 17.9Å, ^(b1,b2) = 88.6◦, ^(a2,b2) = 24.1◦ [30]). (b) LEED
pattern of 2L-alumina/NiAl(110). The theoretical pattern is indicated in the
top half, with red and blue circles representing spots of the two domains as
defined in (a). (c) LEED pattern of a film with a thickness of 1.5nm. (d)
Intensity difference pattern between (c) and (b). We observe an intensity
decrease (blue) of the NiAl(110) substrate spots as well as a signal gain (red)
belonging to the 2L-alumina pattern and a new and diffuse hexagonal structure.
Reciprocal lattice vectors of the hexagonal phase are indicated. (e) Line
profile (blue) as marked in (c) with blue dashed line and corresponding fit
(black). Green fit peaks belong to the large 2L-alumina unit cell. The broad
orange-shaded peak is attributed to the hexagonal structure with a maximum
at k‖ = 2.55Å
−1
. (f) Line profiles along the dashed red circle in (c) for√
k2‖001 + k
2
‖11¯0 = 2.55Å
−1
for different thicknesses. The hexagonal structure
exhibits broad peaks (one is shaded in orange), indicating domain sizes on
the sub-nanometer scale. Furthermore, numerous sharper peaks are visible
belonging to the 2L-alumina pattern. (g) Model of the hexagonal structure
based on the 2L-alumina/NiAl(110) structure of Ref. [31]. The left inset shows
the found unit cell with respect to the substrate. The right inset shows a model
of γ-Al2O3 terminated along the [111] direction. (h) Structural model of the
thin film after the orientation change of the octahedral blocks and the formation
of γ-Al2O3(111) nuclei.
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The LEED pattern of a film with a thickness of 1.5nm is shown in Fig. 4.6(c) and indicates
that the symmetry of the 2L-alumina is maintained. The peak width does not change
markedly, indicating that domain sizes in the homogeneous film do not change. In addition,
a blurred hexagonal structure is observed. Fig. 4.6(d) shows the difference of the normed
intensities between Fig. 4.6(c) and Fig. 4.6(b). A marked intensity decrease is observed
for the NiAl(110) (1×1) contribution, as the substrate is buried beneath a thicker oxide
layer. An intensity enhancement is observed for the 2L-alumina lattice, which suggests
that an increasing number of atoms form the corresponding unit cell. Further, the new
hexagonal structure also contributes to the intensity gain, with reciprocal lattice vectors
~c1∗ and ~c2∗ indicated in Fig. 4.6(d).
Fig. 4.6(e) shows the line profile and a fit along the blue dashed line of Fig. 4.6(c).
Several narrow peaks associated with the 2L-alumina unit cell are visible (green), and a
comparatively broad peak (orange shaded) associated with the hexagonal structure. The
reciprocal lattice constant is k‖ = 2.55±0.02Å−1, resulting in a real space lattice plane
distance of 2.46±0.02Å and a lattice constant of 2.85±0.02Å. The fact that the peak
of the hexagonal structure is rather broad indicates that the respective structural domains
are on the sub-nanometer scale. Fig. 4.6(f) displays circular line profiles as marked
in Fig. 4.6(c) by the red dashed line
(√
k2‖001 + k
2
‖11¯0 = 2.55Å
−1)
for different oxide
thicknesses. Numerous narrow peaks from the 2L-alumina structure are visible in all
line profiles. Further six broad peaks are visible due to the hexagonal structure, with the
sixth peak partly obstructed by the electron gun. This structure is visible for all examined
thicknesses and can even be traced back to the 2L-alumina film, indicating that it is part of
the bigger unit cell. By considering the known structure of 2L-alumina [31], we attribute
the hexagonal structure to a surface unit cell with one tetrahedrally-bound Als atom and
one Os as depicted in Fig. 4.6(g).
Smrcˇok et al. [93] proposed a model of the bulk γ-Al2O3 structure. We find a possible
planar section along the [111] direction with an average oxygen-oxygen distance of 2.81Å,
as shown in the right inset of Fig. 4.6(g). The measured hexagonal structure shows a
lattice constant between the one of the substrate and the one implied by the bulk oxide.
Like the overall crystal structure, the structures of the low index surfaces of γ-Al2O3
are still discussed controversially in literature [71, 97] and based mostly on theoretical
work [98–100]. According to the authors’ knowledge, this is the first experimental evidence
towards an atomistic understanding of the γ-Al2O3(111) surface. Fig. 4.6(h) depicts the
structural motifs of the thin film after the orientation change of the octahedral building
blocks: The local ordering can be best described by subnanometer-sized γ-Al2O3-nuclei.
These nuclei are formed inside of the homogenous film and are arranged as parts of a
29
4 Ultrathin alumina films on NiAl(110)
bigger unit cell. This unit cell is the same as in the case of 2L-alumina and is thus implied
by the interface.
In a recent study an anomalous hexagonal superstructure of alumina was found by scanning
tunneling microscopy after two cycles of oxidation of 2L-alumina at 550K and annealing
at 920K [101]. Krukowski et al. [101] found a hexagonal arrangement with a periodicity
of 2.7±0.2Å. The similar lattice constant indicates that this structure is closely related to
the hexagonal structure we identified in Fig. 4.6. A different approach for growing alumina
thin films of variable thickness on NiAl(110) is the direct oxidation of the substrate at
the annealing temperature [54, 55], but it appears to be difficult to balance the processes
of oxidation, crystallization, atomic diffusion and oxide decomposition in a favorable
manner at one fixed chemical potential and temperature. High temperatures are required
for sufficient diffusion of Al-atoms in the substrate [75] and for crystallization. However,
thicker films might not be stable at a given temperature, as the adhesion energy at the
interface provides extra stabilization [102]. This interface energy on the other hand
increases the crystallization temperature of thinner film [103]. Our approach combines
both of these principles: The 2L-alumina system and thus the interface is crystallized at
higher temperature. After this, thicker films are grown at lower temperature where they are
more stable and the crystallization energy is lower. The thermal energy is still sufficient to
allow atomic diffusion and to avoid Al depletion in the substrate.
Fig. 4.7(a) shows ARPES data measured on 2L-alumina and on a 1.5nm thick film.
Energy distribution curves for substrate and alumina films of different thicknesses at the
high symmetry points of the substrate surface Brillouin zone (SBZ) are displayed in Fig.
4.7(b). 3d states of the NiAl(110) substrate appear at E −EF < 4eV [29, 104]. After
oxidation, additional states appear at E−EF > 4eV forming the valence band of alumina,
which are mainly of antibonding oxygen 2p character [105, 106]. The measured band
structure of 2L-alumina is in good agreement with previously published work [29]. Rather
weak dispersions indicate comparably localized states. The valence band maximum of
2L-alumina is formed by a state of low spectral weight, best recognizable in the energy
distribution curves recorded at the Y¯ and X¯ points of the substrate SBZ. The corresponding
peak maximum is located with the 2nd derivative in energy at E−EF =−4.7(9)eV and
no clear dispersion is observed (Fig. A.4). As the valence band has a higher spectral
weight at the Y¯ -point, the peak onset was determined at this position and is found to be
E−EF =−4.2(4)eV (Fig. A.5 (a)). According to Krause et al. [107] this value describes
the position of the valence band maximum, since it represents the fully relaxed state of
the system. Previous work located the valence band onset at E−EF =−4.5eV [91], but
did not consider this state. Changes in the spectral weight are observed for thicker films,
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Figure 4.7: (a) ARPES data from 2L-alumina (left) and from a 1.5nm thick film (right).
Identified bands of the NiAl(110) substrate and of alumina (obtained by follow-
ing local minima in the 2nd derivative in Fig. A.4) are marked with white and
black dots, respectively. (b) Energy distribution curves (normalized to their
integral) at Γ¯ (black), Y¯ (red) and X¯ (blue) of the substrate surface Brillouin
zone. The peak maximum (PM) of the valence band with minimum binding
energy is indicated by a gray dashed line.
however within the experimental resolution no new bands are observed. The change of
the valence band onset while increasing the thickness to 1.5nm is 0.08± 0.09eV (Fig.
FigSuppWorkfunction (a)) and thus negligible. A slight work function decrease from
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φ = 4.1(6)eV to φ = 3.9(3)eV is observed (Fig. FigSuppWorkfunction (b)). In total,
we conclude that despite of the structural changes, increasing the film thickness does
not change the valence band structure markedly. This finding is of particular interest for
the application of ultrathin alumina as a controlled tunneling barrier in prospective two-
dimensional devices [108, 109], especially when considering the recently demonstrated
PMMA-assisted transfer of Al2O3-layers for highly stretchable and transparent transistors
[110].
4.3.4 Summary
In summary, a new multi-step oxidation procedure is used to increase the thickness of
2L-alumina from two atomic layers to 1.5nm. The resulting films are homogeneous and
show excellent crystallinity. The large unit cell of 2L-alumina is maintained in the observed
thickness range, indicating the fundamental importance of the interface for the ordering
of successive layers. The atomic short-range order changes while adding additional
atomic layers: Octahedral building blocks change their crystallographic direction from
{100} to {111}, indicating the formation of subnanometer-sized γ-Al2O3(111)-nuclei
arranged as compartments of the bigger 2L-alumina unit cell. Despite of the structural
changes, we find that while increasing the film thickness the band structure does not change
significantly. First experimental evidence towards a surface model of γ-Al2O3(111) is
provided here by interpreting a hexagonal surface structure in the LEED pattern based
on the 2L-alumina structure and finding structural analogies to γ-Al2O3. The resulting
alumina films can be used as tunneling barrier in model studies, serve as substrate to study
the γ-Al2O3(111)-adsorbate interaction and to elucidate the effect of the metal substrate
on catalytic processes. The sequential preparation of the interface and the following layers
opens a route to synthesize previously unknown thin film structures.
4.3.5 Experimental
The experiments were conducted in a modified VG ESCALAB 220 UHV system with a
base pressure of 2 ·10−10 mbar [49]. The 2L-alumina films were prepared by oxidizing
the clean NiAl(110) surface in 5 ·10−6 mbar oxygen at 530K and subsequent annealing in
UHV at 1150K. The thickness of the thin films was increased systematically by oxidation
in 10−5 mbar oxygen at 1050K. Thicker films were grown at the same temperature, but at
an oxygen pressure of 2 ·10−4 mbar. LEED was performed with a kinetic energy of E =
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64.5eV. XPS measurements were carried out at normal emission with a monochromatized
Al Kα source, providing photons with an energy of hν = 1486.6eV. The energy scale was
calibrated as described in [111]. XPD patterns were collected with a non-monochromatic
Si Kα source (hν = 1740.0eV). The angle-resolved valence band spectra have been
recorded with a helium discharge lamp (HeIα , hν = 21.2eV).
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5 Functionalization of ultrathin
alumina films on NiAl(110) with
self-assembled monolayers
The next step for building the dye/alumina/NiAl(110) heterostructure is the deposition
of dye molecules. Common techniques for molecule deposition are evaporation,
electrospray deposition or SAM deposition from a solvent. Complex molecules like dye
molecules can be prone to pyrolysis, which discards evaporation as a possible deposition
technique1. Electrospray deposition is a promising technique for the deposition of large
molecules and compatible with the UHV standard [112, 113]. Further the deposition of
the N3 ruthenium dye (cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-dicarboxylic acid)
ruthenium(II)) with this method was previously reported [114]. However, major drawbacks
of this method are possible damage of the molecules during the deposition [113] and
inhomogeneous covering on the sample [112]. A reliable low-tech technique is the
deposition as a SAM from a solvent, which is here the method of choice. The conventional
SAM deposition requires it to take the sample out of the UHV-system and dip it into
solution. It will be shown that this procedure leads to uncontrolled oxidation of the
2L-alumina/NiAl(110) system. A dedicated vacuum chamber is described, which
enables the SAM deposition from purified solvent without exposing the sample to air.
This method for molecule attachment can be extended to a broad class of molecules
vulnerable to pyrolysis and presents an elegant method for attaching molecular layers
on solid substrates that are sensitive to air. Fig. 5.1 shows the resulting 2D-heterostructure.
Content of this chapter and the belonging supplemental material (Appendix B)
are submitted as an article [52].
1The evaporation of the rhenium dye [Re(NCS)(CO)3(bipy)] was tried, but the molecule decomposed
during the attempt. The deposition of [Re(OTf)(CO)3(bipy)] was demonstrated together with Arian
Sanusi within his semester project.
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NiAl(110)
alumina
SAM
Figure 5.1: Scheme of the SAM/alumina/NiAl(110) heterostructure with rhenium dyes as
SAM.
5.1 Introduction
Two-dimensional materials and atomic scale engineering allow the fabrication of a new
plethora of heterostructures with exciting prospects in fundamental science and applica-
tion [115–117]. A versatile method to integrate molecular building blocks into functional
devices is surface and interface modification with SAMs [118, 119]. Numerous applica-
tions exist in various fields, e.g. sensor technology [120, 121], electrochemistry [122, 123],
catalysis [124], electronic devices [125, 126] and doping of 2D-materials [127–130]. An-
other surface and interface modification commonly used in heterostructures are insulating
ultrathin oxide films of few atomic layer thickness. They attained significant attention
as tunnel junctions at interfaces [131–133], and on crystalline metal substrates as model
systems for catalysis under UHV conditions [34, 36, 58, 59, 78]. Controlled oxidation of
suitable metallic substrates is a viable approach for the growth of such ultrathin oxide
films [29, 34, 51, 74, 75, 77, 134]. Unfortunately, not all oxide structures produced under
UHV are stable under ambient conditions [83, 135–137]. As a prototypical example,
ultrathin alumina films on NiAl alloys are prone to uncontrolled oxidation when exposed
to ambient conditions [83, 135–137], thus limiting the scope for applications of ultrathin
films with controlled thickness.
In this report, we present a procedure that overcomes this limitation by attaching a dedi-
cated SAM deposition chamber (SAMcham) to our UHV system. It contains two stainless
steel bowls that can be filled with the intended SAM solution and with the pure solvent
for rinsing, and it allows direct transfer to and from UHV without contact to air. As an
example, we demonstrate the immobilization of a rhenium tricarbonyl type chromophore
containing a 2,2’-bipyridine-4,4’-dicarboxylic acid (DCO2bipy) for surface binding on a
well ordered ultrathin alumina film and characterize it with XPS. A passivating effect due
to the SAM is observed.
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(a) (b)
load lock
SAMcham
flask bowls
sample
Figure 5.2: (a) Computer-aided design drawing of the SAMcham. (b) Photograph of the
SAMcham. The insets show the inside of the chamber, containing the two
bowls for SAM deposition and sample rinsing. A sample is placed with the
wobble stick inside the left bowl.
Diimine rhenium(I) tricarbonyl complexes are synthetically versatile photo- and redox-
active compounds, which can be incorporated into supramolecular systems, poly-
mers, biomolecules [138–140], and efficient photocatalytic systems for CO2 reduc-
tion [141, 142] as well as H2 production [143–145]. A derivative of the previously studied
fac – [Re(NCS)(CO)3(diimine)] (diimine = 2,2’-bipyridine (bipy)) [144,146,147] featuring
carboxyl linker groups is employed as SAM on the 2L-alumina.
5.2 In vacuo SAM deposition
The samples are transferred from the UHV system via the load lock to the SAMcham
(Fig. 5.2)2. The pressure in the SAMcham is in the range of 10−6 mbar during the sample
transfer. Two flasks are attached via needles to the setup: One with a 0.1mM solution of
the molecule dissolved in acetonitrile for SAM deposition, and one with pure acetonitrile
for sample rinsing. When opening the connecting valves between flask and SAMcham, the
solvent is pressed into the SAMcham and can splash on the sample. During this procedure,
the vapor pressure is established in the chamber. After molecule deposition, the chamber
is pumped down again, and the sample is transferred back into the UHV system. XPS
2The connection to the entry lock was changed at a later stage for better accessibility, as can be seen in Fig.
3.1.
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indicated in first experiments a silicon contamination, which can be avoided by using
teflon-coated septa for the solvent flasks.
5.3 Results and discussion
NiAl
AlOX
(b)(a)
Figure 5.3: (a) Structure of fac-[Re(NCS)(CO)3(DCO2bipy)] featuring two carboxyl linker
groups and scheme of molecule anchoring onto the alumina thin film. The
carboxyl groups of the molecule bind to the oxide surface. (b) Re 4f core-level
spectra before (blue) and after solvent deposition of the photosensitizer (green).
After rinsing (red), the chemisorbed monolayer remains on the sample.
The scheme in Fig. 5.3 (a) shows the structure of the used derivative of fac-
[Re(NCS)(CO)3(DCO2bipy)] featuring carboxyl linker groups in the 4 and 4’ position of
the bipy system and pictures the simplified attachment of the photosensitizer onto the
ultrathin oxide film. After the preparation of the 2L-alumina thin films in our UHV system,
the sample is brought to the SAMcham while maintaining a high vacuum standard. Two
flasks with molecule solution and solvent are connected to the chamber via needles and
valves. When the valve between SAMcham and flask is opened, the liquid is pressed
inside onto the sample, and the vapor pressure is established in the chamber. After this
procedure, the solvent is pumped out of the chamber. Fig. 5.3 (b) shows the XPS of
the Re 4f peak of the clean 2L-alumina (blue), directly after the molecule deposition
from acetonitrile (green). Rinsing of the sample removes physisorbed molecules and only
the chemisorbed monolayer remains (red). For the multilayer, the intensity of the Re 4f
peak is 2.4 times higher. This value gives a lower estimate for the number of layers in
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Figure 5.4: XPS of the SAM (red): (a) Re 4f, (b) S 2p, (c) N 1s (difference spectrum), and
(d) C 1s. Fits (black and gray) indicate the spin-orbit splitting of the Re 4f and
S 2p peaks, and the two components of the N 1s peak. The black dashed line
in (d) shows the C 1s contamination which occurs if 2L-alumina is rinsed in
acetonitrile without molecules.
the multilayer, neglecting the scattering of photoelectrons within the molecules. After
rinsing, the rhenium coverage is (1.29±0.28)atoms/nm2. Considering the dimensions of
the molecule, this indicates the formation of a dense monolayer.
Fig. 5.4 shows the (a) Re 4f, (b) S 2p, (c) N 1s, and (d) C 1s core-level spectra of a
SAM prepared in this way. For the N 1s peak the difference spectrum using a normal-
ized spectrum of clean 2L-alumina is plotted, as a Ni LMM Auger line occurs in this
region with the used Mg Kα X-ray source. The photosensitizer has a chemical formula of
C16H8N3O7ReS. It contains one rhenium atom in the center, one sulfur atom in the axial
thiocyanate ligand and three nitrogen atoms, two of them in the bipy and one in the axial
thiocyanate ligand. The binding energies and the stoichiometry of the molecule are sum-
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marized in Table 5.1 and refer to data recorded before radiation damage alters the spectra.
Radiation damage of the molecule is observed during the photoemission experiments and
discussed in detail in the Supplemental material (see Appendix B.1). The stoichiometry of
the constituting components is obtained from integrated intensities divided by the respec-
tive photoionization cross-sections [148] and is normalized to the Re 4f peak (see Table
5.1). The main source for the errors is attributed to uncertainties in the photoionization
cross-sections, which can deviate up to 20% in molecules due to intramolecular inelastic
scattering processes and multielectron excitations [149]. An excess of nine carbon atoms
is observed, compared to the 16 carbon atoms of the molecule. The dashed black line in
Fig. 5.4 (d) indicates the effect of a preparation with pure solvent, but without molecules
(spectrum scaled to the same substrate intensity). Several carbon species are found on
the sample when the sample leaves the UHV. Binding energies between 284 and 290eV
are observed, indicating the formation of carbon bonded to oxygen (286 to 291eV) and
other carbon atoms (285eV) [150]. Bonding of carbon to aluminum would lead to the
formation of carbides (282eV), which is not observed. We conclude that the observed
excess carbon is most likely due to carbon species on the oxygen-terminated alumina
surface, but other origins and locations of the remaining carbon cannot be excluded. The
binding energy of 162.7eV of the S 2p3/2 is in good agreement with the binding energy
found for thiocyanate in the N3 dye on 2L-alumina/NiAl(110) [151], indicating that here
similarly the thiocyanate group is not involved in the bonding. Thiocyanate involved in
bonding to the substrate delivered in the case of the N3 dye on TiO2(110) an additional
contribution at 0.7eV higher binding energies [114]. Also, the here found binding energies
of 400.9 and 398.8eV for the nitrogen in the bipy and in the thiocyanate compare well
to the binding energies observed in N3/2L-alumina/NiAl(110) [151]. The carbon peak
contains a multitude of contributions due to contamination and a great number of carbon
species inside the molecule, however the carboxyl groups at a binding energy of 289.4eV
can unambiguously be identified. In total, these results show that the molecules undergo
the deposition procedure undamaged and attach to the surface via the carboxyl groups.
Fig. 5.5 (a) shows the Shirley background-subtracted Al 2p and Ni 3p spectra of the clean
NiAl(110) substrate (black) with the metallic peaks. The spectra are normalized to the
average height of the metallic aluminum peak (Al0) and the metallic nickel peak (Ni0).
After growing the 2L-alumina film (blue) additional contributions are observed at higher
binding energies due to the presence of Al2+ in the interfacial oxide layer and Al3+ in the
second layer (blue) [29,53]. The shaded area indicates the difference to the bare NiAl(110)
substrate. During SAM deposition with short transfer through the air (magenta), a signifi-
cant intensity increase of oxidized aluminum is observed, corresponding to a thickness of
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Table 5.1: Binding energies measured by XPS, the atomic ratios (obtained from integrated
peak intensities and divided by the respective photoionization cross-sections),
and comparison to the stoichiometry of the molecule.
corelevel EB (eV) ratio to Re expected stoichiometry
Re 4f7/2 42.1 1.0 1
S 2p3/2 162.7 0.93±0.19 1
N 1s 400.9 2.3±0.5 2
398.8 0.99±0.21 1
C 1s - 25±5 16
four atomic layers. The shaded area indicates that a significant intensity decrease occurs
for the Al0 peak, and an increase for the Ni0 peak. This can be explained by depletion
of metallic aluminum at the interface during the oxide formation. As a consequence, a
higher amount of metallic nickel is left at the interface. These effects are reduced when
SAM deposition is accomplished by in vacuo (red) in the dedicated SAMcham. Here,
the alumina thickness changes only by one atomic layer and the aluminum depletion and
nickel enrichment at the interface are significantly reduced. At a later stage, it was possible
to reduce this uncontrolled oxidation to half an atomic layer due to the use of two septa in
the flask lid (Fig. 6.2).
The reaction of 2L-alumina with water vapor was previously studied by Shavorskiy et
al. [83] using ambient pressure X-ray photoelectron spectroscopy. It was found that relative
humidities above 0.01% lead to a drastic increase of the oxide thickness, and to aluminum
depletion as well as nickel enrichment in the near surface region. When the SAM deposi-
tion is done with a transfer through the air (Fig. 5.5 (a), magenta), a similar change of the
surface region is observed. These authors further observed a small thickness increase at
a relative humidity of 10−5 %, associated with surface hydroxylation/oxidation at defect
sides of the film present due to reflection and antiphase domain boundaries [30, 32, 33].
For straight antiphase domain boundaries an oxygen-deficiency was proven, making it very
favorable adsorption sides for new oxygen atoms [33]. In the case with sample transfer
through air, the oxygen can originate from the atmosphere. In the case of the in vacuo
SAM deposition oxygen might come from the solvent. The molecule attachment can also
promote the oxidation of further aluminum atoms: Formation of aluminum-oxygen-carbon
bonds are a viable scenario during the molecule attachment [152–154]. In the case of
hydroxylated alumina surfaces chemisorption of carboxyls will occur via an esterification-
like reaction, which releases water molecules [152–155]. Here, the chemisorption of the
carboxyl groups on the 2L-alumina surface might also release hydroxyls or water and
oxidize the aluminum film further. A shift of the oxygen 1s peak to higher binding energies
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Figure 5.5: (a) Al 2p and Ni 3p XPS of the NiAl(110) substrate (black), 2L-alumina
(blue), after SAM deposition from solvent on 2L-alumina in vacuo (red) and
conventional SAM deposition with transfer through the air (magenta). The
shaded area indicates the change compared to the clean NiAl(110) substrate
(dashed line). (b) Change of the alumina film thickness during in vacuo SAM
deposition in dependence of the initial oxide film thickness.
(see Appendix B.2) supports the formation of further oxide or hydroxide.
The thickness of 2L-alumina can be systematically increased via high-temperature oxida-
tion of 2L-alumina/NiAl(110) [51]. Fig. 5.5 (b) shows the change of the alumina thickness
during in vacuo SAM formation depending on the initial oxide thickness. For thicker
alumina films the thickness change decreases significantly. Limiting factors for the oxide
film thickening could be the rate of charge transfer from the oxide surface to the metal
interface [83], the aluminum availability at the interface [83, 156], or the limited mass
transport [157]. As no charging was observed during the XPS measurements on these
samples and samples with thicker alumina films [51], we exclude the rate of charge transfer
as a limiting factor. Further, the aluminium to nickel ratio was the same for samples with
different thicknesses [51]. We conclude that the transfer of oxygen and aluminum atoms
through thicker oxide films is likely to limit the thickness change.
Fig. 5.6 compares two different samples: One was directly transferred back to the UHV
after SAM attachment in the SAMcham (red). For the other sample, the SAM attachment
was followed by air exposure for five minutes (black). No significant difference (grey)
between both preparations was detected by means of XPS. Slight changes in the area
of the Re 4f peaks of the molecule are due to different stages of radiation damage (see
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Figure 5.6: Al 2p, Ni 3p and Re 4f peak after in vacuo SAM deposition (red). Air expo-
sure directly after SAM deposition (black, vertical offset) does not alter the
heterostructure.
Appendix B.1). The intact SAM acts as a capping layer, protecting the substrate from
further oxidation under ambient conditions. When the molecules are damaged by radiation,
this passivation effect is lost (see Appendix B.1).
5.4 Summary and outlook
In summary, a method is established for the functionalization and passivation of ultrathin
oxide films with SAMs. Exposure of ultrathin oxide films to air leads to a significant
increase in thickness of the oxide, which can be reduced to one additional atomic layer
of oxide by depositing the SAM in a dedicated chamber in vacuo. This enables us to
produce a metal-insulator-SAM heterojunction with a precise thickness control of the
insulating ultrathin film. The resulting heterostructure is stable in air, making further
handling and processing of samples outside of UHV possible without altering of the oxide
thin film. The in vacuo attachment of SAMs can be extended to a broad class of molecules
vulnerable to pyrolysis upon evaporation and presents an elegant method of attaching
molecular layers on solid substrates that are sensitive to air. Diimine rhenium(I) tricarbonyl
complexes can be incorporated into efficient homogenous photocatalytic systems for CO2
reduction [141, 142] and H2 production [143–145], and their attachment as SAM is a
step towards their integration into a heterogeneous system. The thickness of the ultrathin
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alumina films on NiAl(110) used here can be systematically controlled [51, 158]. This can
enable high-precision tuning of the electron transfer between excited molecules and the
substrate, as the lifetime of excited charges in the molecule should depend on the thickness
of the insulating tunneling layer at the interface.
5.5 Experimental Section
NiAl(110) single crystals were purchased from MaTecK - Material-Technologie & Kristalle
GmbH. The experiments were conducted in the modified VG ESCALAB 220 UHV system
described in chapter 3. The NiAl(110) surface was cleaned with cycles of argon sputtering
and subsequent annealing at 1270K. The 2L-alumina films were prepared by oxidizing
the clean NiAl(110) surface in 5 ·10−6 mbar oxygen at 530K and subsequent annealing in
UHV at 1070K. The thickness of the thin films was increased systematically by oxidation
in 9 ·10−5 mbar oxygen at 970K, similarly as described in detail in chapter 4.
XPS was conducted at normal emission with an non-monochromatized Mg Kα source,
providing photons with an energy of hν = 1253.56eV. The energy scale was calibrated as
described by Seah [111]. UPS measurements were performed under normal emission with
a helium discharge lamp (HeIα , hν = 21.22eV).
The coverage of rhenium atoms NRe is calculated by comparing the intensity of the Re 4f
peak (IRe) to the intensity of a polycrystalline silver reference sample (IAg) using equation
5.1:
NRe =
IRe
σRe
· σAg
IAg
·λAg, ·cos(θ) ·nAg
=
IRe
σRe
·A,
(5.1)
where, σX refers to the corresponding subshell photoionization cross-section [148], θ refers
to the electron emission angle with respect to the surface normal, nAg = 58.7atoms/nm3
is the density of silver atoms, and λAg is the inelastic mean free path calculated with the
Tanuma-Powell-Penn (TPP-2M) equation [44]. The constant A was evaluated for the range
of silver peaks from 3s to 4p. The X-ray flux was kept constant.
The oxide thickness (d) is calculated numerically by the intensity ratio of the oxidized Al
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species (IO) and the metallic Al0 peak (IM) according to equation 5.2:
d =λO · cos(θ) · ln
nM
nO
· λM
λO
· IO
IM exp
(
d
λO cos(θ)
) +1
 , (5.2)
where λx refers to the respective inelastic mean free path of the photoelectrons and nx to
the density of Al atoms in the material x (nM = 41.6atoms/nm3, nO = 42.7atoms/nm3,
calculated based on structural models from Taylor et al. [159] and from Smrcˇok et al. [93]).
λO = (2.67±0.47)nm was calculated with the TPP-2M equation. λM = (1.99±0.21)nm
was normalized by referencing the intensity ratio in the case of 2L-alumina, and is in
good agreement with the value obtained with the TPP-2M equation (λMPPT−2M = (2.08±
0.43)nm). A lattice plane distance of 0.172nm was used to calculate the number of
alumina layers, which is the lattice plane distance of γ-Al2O3 in (111) direction based
on the structural model from Smrcˇok et al. [93]. Equation 5.2 is similar to the one
introduced by Strohmeier [87] for determining the oxide thickness on aluminum alloys, but
additionally considers the attenuation of photoelectron intensity from the metal substrate
below the oxide in the oxide film.
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6 Rhenium and ruthenium dyes with
covalent linkers on
alumina/NiAl(110)
The in section 5.2 presented method for molecule deposition enables a high-throughput
characterization of different molecules. Five organometallic dyes are characterized with
XPS and UPS. Coverage, counterion coadsorption, and electronic structure are analyzed.
Most content of this chapter is from a manuscript in preparation [160].
6.1 Motivation
Molecular systems have great potential for applications in dye-sensitized solar cells [10,17]
for the electric power generation and in dye-sensitized photoelectrochemical cells [14–16]
for energy storage. The anchoring of the dye molecules is crucial to ensure coupling
of the molecule to the substrate and enable the transport of excited charge between the
molecule and electrode [161]. Most PES and STM based studies previously focused on the
dye/titania interface [114, 162–167]. Recently a number of studies emphasized the role of
insulating layers, which can reduce charge carrier recombination [19–23] and apparently
promote thus charge carrier separation. Computational efforts on the dye/alumina/titania
systems indicated that the adsorption geometry of the dyes can also be altered by interfacial
alumina layers, as was shown for the N3 ruthenium dye [25, 168, 169].
In this work, the adsorption of five organometallic dyes on 2L-alumina is studied with
XPS and UPS to deliver experimental insights about the dye/alumina interface. Fig. 6.1
shows their chemical structures. We compare three rhenium-based dye molecules. The first
dye (1) is [Re(NCS)(CO)3(DCO2bipy)], and is the same dye used in chapter 5. Molecule
(2) is [Re(NCS)(CO)3(DMPO3bipy)] (DMPO3bipy = 2,2’-bipyridine-4,4’-dimethylene
phosphonate). The carboxyl linkers are exchanged with methylene phosphonate linkers.
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Figure 6.1: Structures of the used metalorganic dyes. Courtesy of Mathias Mosberger.
Molecule (3) is [Re(niacin)(CO)3(bipy)]. The thiocyanate is replaced by a niacin group,
to bind the molecule not via the bipy but via the axial ligand. It is accompanied by
trifluoromethane sulfonate (OTf) counterion to maintain charge neutrality. Molecule (4) is
the prototypical N3 ruthenium dye. (5) is N719, a deprotonated version of N3 with two
tetrabutylammonium (TBA) counterions. With XPS the molecular density is determined
and the coadsorption of the counterions of molecule (3) and (5) is discussed. Further, their
electronic structure is compared using UPS.
6.2 Results and discussion
Fig. 6.2 (a) shows the XPS of the Al 2p, Ni 3p and Re 4f core-level for the 2L-alumina
substrate and SAMs of the rhenium dyes. The metallic Al 2p and Ni 3p substrate peaks
at 72 and 67eV dominate the spectra. Interfacial Al2+ and Al3+ in the 2L-alumina film
delivers a contribution at higher binding energies [53]. During the SAM deposition, a rise
48
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Figure 6.2: (a) XPS of Al 2p, Ni 3p and Re 4f peaks for 2L-alumina (grey) and monolayers
of molecule (1) (blue), (2) (red) and (3) (green). The inset compares the
intensity of the Re 4f peak. (b) XPS of the Ru 3d5/2 for molecule (4) (orange)
and (5) (green).
of the Al3+ between 74 and 75eV is observed, similarly as described earlier [52]. This
rise is identical for all three molecules and we quantify the total thickness after molecule
deposition to be 2.5 atomic oxide layers. This is a reduction of the thickness increase by
0.5 layer when compared to the results presented in section 5.3 (Fig. 5.5) and is attributed
to the use of two septa in the flask lid. The Re 4f peaks for molecule (1), (2) and (3)
are compared in the inset of Fig. 6.2 (a). No significant difference is observed between
molecule (1) and (2) regarding binding energy and intensity. Both molecules have two
covalent linkers located at the bipy: (1) has carboxyl groups and (2) methylene phospho-
nate groups. Apparently, the additional atoms in the methylene phosphonate groups are
accommodated beneath the bipy, not requiring significantly more space on the surface. A
shift to higher binding energies is observed for the Re 4f of molecule (3), when compared
to the other two rhenium dyes. In a multilayer of (3) this shift is revoked (see Appendix
C.1). As (3) is positively charged, this shift might be caused by a remaining positive
net-charge if there is a lack of counterions on the surface. Further, a lower coverage is
obtained for this molecule, where one carboxyl linker is attached on the axial pyridine.
Apparently the molecule requires significantly more space, probably the dimension of the
molecule on the axial direction is increased when the thiocyanate is replaced with pyridine.
Fig. 6.2 (b) displays the XPS of the Ru 3d5/2 peak of the both ruthenium dyes (4) and (5).
Both dyes have the same structure, and (5) is the deprotonated version of (4), having two
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Table 6.1: Density of the molecules in the monolayer coverage and the average spacial
separation between two molecules.
molecule density (nm−2) separation (nm)
(1) 1.27±0.32 0.95±0.24
(2) 1.27±0.32 0.95±0.24
(3) 0.99±0.26 1.08±0.29
(4) 0.60±0.15 1.38±0.34
(5) 0.58±0.15 1.41±0.35
TBA counterions. The difference in the intensity is slightly lower for (5), but cannot be
accounted as significant.
When comparing the density of the molecular monolayers (Table 6.1) we find that the the
rhenium dyes exhibit a significantly higher coverage than the both ruthenium dyes. The ad-
sorption of molecule (4) was extensively studied on titania, showing multi-conformational
adsorption [165, 167]. Further, Ikeda et al. showed that most molecules are located with a
separation of 1.2 to 1.6nm [163], which is in good agreement with the average separation
obtained from the molecular density (see Table 6.1). For molecule (4) and (5) no drastic
change in the density is observed. This is surprising, as the TBA counterions have a
significant size and their co-adsorption would intuitively require a significant amount of
space.
In a next step, we look at the coadsorption of the counterions. A Ni LMM Auger line from
the substrate is present in the energy window of the N 1s peak. The difference spectra
shown in Fig. 6.3 (a) are formed using a normalized substrate spectrum and by subtracting
it from the spectra after molecule deposition. Molecule (1), (2) and (4) have nitrogen
atoms in the bipy and the thiocyanate in a ratio of 2:1, which can be clearly identified at
401 and 399eV [52]. Molecule (5) exhibits a third peak at 403eV due to the adsorption of
TBA. The intensity ratio of 1.0:2.0:1.0 between them indicates a stoichiometric adsorp-
tion of dye molecules and TBA counterions. On nanostructured TiO2 [162, 164] and on
TiO2(001) [170] XPS indicated a significant loss of TBA counterions upon adsorption,
when compared to the stoichiometric ratio. Molecule (3) contains nitrogen atoms in the
bipy and in the axial niacin ligand. The N 1s spectrum of the multilayer exhibits one
distinct peak due to these three nitrogen atoms (see Appendix C.1), which are chemically in
the same coordination. In the monolayer, the peak broadens significantly. A measurement
with a monochromatic source also confirmed the presence of only one compatibly broad
peak. We speculate that the molecule binds via the carboxyl group on the axial pyridine
ligand and that different adsorption geometries might rotate the bond between the pyridine
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Figure 6.3: (a) Difference spectra of the N 1s peak . The dashed line is a reference
measurement with Al Kα source for molecule (3). (b) XPS of the S 2p peak
for the monolayer coverage of all molecules.
and the rhenium, leading to a plethora of different conformations of the nitrogen atoms.
Fig. 6.3 (b) shows the XPS of the S 2p peak. Molecule (1), (2), (4) and (5) all contain
thiocyanate, showing a distinct peak at 163eV [52]. Molecule (4) showed previously a
by 0.7eV shifted species on TiO2(110), which was associated with thiocyanate binding
to the surface [114]. This is not observed here. A second feature at 169eV is visible.
A similar shift has been previously observed for molecule (5) on titania, indicating that
sulfur atoms in the thiocyanate binds to oxygen [170]. It appears reasonable to associate a
similar bonding for (4) on 2L-alumina. Interestingly this interaction seems to be revoked
for molecule (5), probably due to the counterions. Molecule (3) itself does not contain
sulfur, it only is contained in the OTf counterion (CF3SO3 – ). Two sulfur species are
observed at 163 and 170eV. The smaller peak at 170eV is identified in the multilayer as
the intact OTf counterion (see Appendix C.1). The second feature appears to be a remnant
of a decomposed counterion, which is underlined by a lack of fluorine in the monolayer
(see Appendix C.1). When comparing the total amount of rhenium to the amount of
adsorbed sulfur we find a ratio of 1.0:0.8, indicating a nearly stoichiometric adsorption of
the counterions. We speculate about a decomposition of the OTf at oxygen deficient line
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(a) (b) (c)
Figure 6.4: DFT optimized structure of (a) molecule (1) adsorbed on 2L-alumina. (b) Same
as (a), but rotated. (c) DFT optimized structure of molecule (3) on 2L-alumina.
Coordinates are courtesy of Tiziana Musso.
defects occurring in 2L-alumina, which show the behavior of a native electron donor [33].
This might facilitate the release of fluorine and thus the OTf decomposition.
Fig. 6.4 compares DFT optimized structures of molecule (1) and (3). The oxygen atoms
from the carboxyl groups anchor the molecule by binding to aluminum atoms (Fig. 6.4 (a)).
It is likely that a plethora of adsorption configurations are possible, as was demonstrated
for molecule (4) on TiO2(101) [167]. The thiocyanate of (1) tends to point to an oxygen
atom in the surface in this configuration, but the sulfur binds not to the surface. Molecule
(3) stands on the niacin group. The OTf ion binds with one oxygen to an aluminum atom
and remains intact. Both molecules seem to pull out aluminum atoms above the surface
plane as their coordination number increases.
In view of using this molecular system as photoelectrodes, the molecular energy levels
and the band alignment in the heterojunction were studied by UPS. Fig. 6.5 (a) shows
UPS under normal emission of the 2L-alumina/NiAl(110) substrate (blue), a monolayer
(red) and a multilayer (green) coverage of molecule (1). Two molecular features can be
identified in mono- and multilayer samples (multilayer as shown in Fig. 5.3 (b)). A fit
with two Gaussian functions and an exponential background locates the highest occupied
molecular orbital (HOMO) in the SAM 2.8eV beneath the Fermi level. The work function
of the SAM is measured using the secondary electron cutoff and decreases as a result of
the radiation damage over time. The initial work function is 4.3eV (see Appendix B.3).
Fig. 6.5 (b) shows the UPS of the different parts of the heterojunction. The metal substrate
(black) dictates the position of the Fermi level. As previously determined, the insulating alu-
mina film has a valence band onset 4.2eV below [51], and a conduction band onset of 2.2eV
above the Fermi level [91]. The observed molecular states appear similarly for the mono-
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Figure 6.5: (a) UPS of 2L-alumina, of a monolayer (red) and a multilayer (green) of
(1) . Two molecular features are identified with Gaussian fits (gray shaded,
exponential background). (b) UPS of NiAl(110) (black), 2L-alumina (blue),
monolayer (red) and a multilayer (green) of (1). (c) The derived band alignment
for the multijunction.
and multilayer coverage, indicating that polarization effects due to the metal substrate are
screened and do not alter the electronic structure of the molecule significantly [65,66]. The
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same applies for charge transfer between the substrate and molecule [133]. We conclude
that the electronic structure of the SAM is not influenced drastically by the substrate.
Blanco Rodríguez et al. [146] previously calculated by DFT one-electron energies and
compositions of relevant molecular orbitals of fac – [Re(NCS)(CO)3(bipy)], which is the
core of the molecule used here. These authors concluded that the HOMO and HOMO-1
have a mixed Re/NCS character, are Re-NCS pi-antibonding, and are only separated by
50meV. Distinguishing the HOMO and the HOMO-1 is not possible within the energy
resolution of our analyzer, and we assign these molecular orbitals to the first observed
feature at 2.8eV beneath the Fermi level. The lowest observed singlet electronic transi-
tion for fac – [Re(NCS)(CO)3(bipy)] by ultraviolet-visible absorption spectroscopy was
reported to be 3.3eV [146]. For fac-[Re(NCS)(CO)3(DCO2bipy)] this transition occurs at
3.0eV (see Appendix B.4), which indicates a 10% smaller gap between the HOMO and
the lowest unoccupied molecular orbital (LUMO). This downshift for the optical excitation
is likely due to the attached carboxyl groups, which reduces the electron density on the
bipy. The LUMO of fac – [Re(NCS)(CO)3(bipy)] was calculated by Blanco Rodríguez et
al. [146] to be an antibonding pi* orbital that is mainly located on the bipy at approximately
3.7eV higher energy. Taking a 10% smaller HOMO-LUMO gap into account, we locate
the LUMO for fac-[Re(NCS)(CO)3(DCO2bipy)] to be 3.3eV above the HOMO, which is
0.5eV above the Fermi level. Fig. 6.5 (c) summarizes the found electronic band alignment
for the metal-insulator-SAM heterostructure. The molecular orbitals are located inside the
band gap of the alumina thin film.
Figure 6.6 (a) compares the UPS of the three rhenium dyes in the mono- and multilayer
coverage. The UPS of molecule (2) can, similarly to molecule (1), be well described with
two peaks in the mono- and multilayer coverage. HOMO positions and work functions are
summarized in Appendix C.4. As the HOMOs are comparably far away from the linker
groups, it appears reasonable that they are not drastically affected by them. Molecule (3)
does not possess the thiocyanate as an axial ligand, but the niacin. The multilayer can in
contrast to the two previous molecules be well described by one peak, which underlines the
previous assignment of the first peak in the UPS of molecule (1) and (2). The monolayer
of molecule (3) shows one more peak at lower binding energies (shaded area), which could
be due to an interface state or be caused by the decomposed OTf.
The electronic structure of molecule (4) was previously discussed in the literature
[171–173]. The highest molecular orbitals are generally ascribed to a set of three quasi
generated antibonding orbitals based on contributions from the thiocyanate and the ruthe-
nium center. At higher binding energies, occurs another set a three quasi-generated orbitals,
which is the bonding counterpart. In between there is a further contribution from the
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Figure 6.6: (a) UPS of monolayer (solid line) and multilayer (dashed line) coverage of the
rhenium dyes (1) (blue), (2) (red), (3) (magenta), and corresponding fits (black).
The shaded area indicates the new appearing feature of (3) in the monolayer.
(b) UPS of the 2L-alumina substrate (grey), and monolayer coverage of the
ruthenium dyes (4) (orange), (5) (green), and corresponding fits (black).
thiocyanate. In the UPS of molecule (4) in Fig. 6.6 (b) two peaks separated by 1.3eV are
identified. In analogy to the previously described electronic structure, we ascribe the first
to the the antibonding orbitals and the second to the bonding counterpart. Multiconforma-
tional adsorption as observed on TiO2(101) [167] might broaden the peaks. For molecule
(5) the recorded UPS appears qualitatively very similar, but is shifted by approximately
100meV to higher binding energies.
6.3 Summary and Outlook
Five organometallic dyes were studied on ultrathin alumina films: Three rhenium dyes
with systematically changed linker groups and two prototypical ruthenium dyes. When
the carboxyl linkers on the bipy are exchanged with methylene phosphonate, the same
density of molecules is found in the monolayer coverage. When the linker is attached to
the axial ligand, the molecule required more space on the surface. No significant change
in the molecular density is observed between the both ruthenium dyes, despite that the
large TBA counterion of molecule (5) coadsorbs stoichiometrically. The rhenium dyes
require significantly less space on the surface when compared to the ruthenium dyes. The
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OTf counterion of molecule (3) also coadsorbs nearly stoichiometric, but decomposes
on the surface. We speculate that the defect network in the alumina thin film causes the
decomposition. The HOMOs of the rhenium dyes are not drastically affected when the
linkers at the bipy are exchanged. However, if the axial ligand is exchanged, the HOMOs
are affected. The electronic structure of both ruthenium dyes appears to be nearly the
same, but a shift of approximately 100eV is observed. Further it can be concluded that
the deposition procedure presented in the previous chapter 5 enables a high throughput
comparison of different molecules.
6.4 Experimental Section
Experiments were conducted in a user modified ESCA lab described in chapter 3. The
2L-alumina films were grown on single crystalline NiAl(110) substrates as described in
section 4.1. The molecules were deposited from solution in a dedicated vacuum chamber
as described in section 5.2. The ruthenium dyes were obtained from Solaronix SA.
XPS was conducted at normal emission with an achromatic Mg Kα source, providing
photons with an energy of hν = 1253.56eV. The energy scale of the spectra was calibrated
as described by Seah [111]. The thickness of the alumina films was determined based on
the Al3+ shoulder of the Al 2p peak as described in [51]. We determine the coverage of
rhenium atoms N(3) for molecule (3) by comparing the intensity of the Re 4f peak (IRe) to
the intensity of several peaks from a polycrystalline silver reference sample (IAg) according
to:
NRe =
IRe
σRe
· σAg
IAg
·λAg · cos(θ) ·nAg,
=
IRe
σRe
·A.
(6.1)
θ is the emission angle of the photoelectrons with respect to the surface normal, σX is the
corresponding photoionization cross-section [148], nAg = 58.7/nm3 is the density of silver
atoms, and λAg is the inelastic mean free path calculated with the Tanuma-Powell-Penn
(TPP-2M) equation [44]. The constant A was evaluated for the range of silver peaks from
3s to 4p.
The density of rhenium atoms N(3) for molecule (3) was determined by comparing the
intensity of the Re 4f peak with the intensity obtained from a polycrystalline silver reference
sample as described in section 5.5. The density of other molecules was calculated by
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comparing the intensities of the Re 4f or Ru 3d5/2 peaks to the intensity of the Re 4f peak
of molecule (3). The intensity was normalized to the Ni 3p and Al 2p substrate peaks.
The different photoionization cross-sections [148] were considered for the ruthenium
dyes. The average separation Sx is calculated here based on the density of metal centers
Nx of the respective molecules (see Appendix C.5 for details). Ratios between different
atomic species were calculated based on integrated peak intensities and their respective
photoionization cross-sections [148]. UPS was recorded with a helium discharge lamp
(HeIα , hν = 21.22eV).
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7 Metal-to-ligand charge transfer
observed with ultrafast time-resolved
core-level spectroscopy
The next task is to study the charge carrier dynamics in the formed heterojunction. After
optical excitation in the dye, various processes are possible, which are indicated in Fig. 7.1.
One option is that the excited electron-hole pair on the molecule recombines (K1). The
excited electron can also be transferred to the metal substrate (K2), leaving a positively
charged molecule. The hole can also be filed with electrons from the metal substrate (K3).
If this happens before the excited electron left the molecule, the molecule can be negatively
charged. If this happens after the excited electron is transferred to the metal substrate,
the molecule is again in the ground state. Intersystem crossing and thus a spin flip of the
excited electron is a further effect that can occur.
The binding energy of electrons on the metal center in the previously studied dye molecules
should be sensitive on the electronic configuration of the molecule. For instance, optical
excitation of the rhenium dyes should shift electron density on the molecule which can
result in a chemical shift. Charging of the molecule should also modify the electrostatic
potential of the electrons in the metal center, and thus the binding energy of the electrons.
Ultrafast time-resolved core-level spectroscopy might have the potential to study these ef-
fects. First prototypical experiments are performed, and the metal-to-ligand charge transfer
(MLCT) is observed as a chemical shift in the 4f electrons of a rhenium dye. The oxidized
rhenium appears and vanishes with a periodicity of 180fs, indicating the oscillation of
charge on the molecule. In total, ultrafast time-resolved core-level spectroscopy appears to
be a promising method to study charge transport phenomena with chemical sensitivity.
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Figure 7.1: Scheme indicating possible electron transfers after excitation of the dye in the
dye/alumina/NiAl(110) heterojunction.
7.1 Introduction
X-ray photoelectron spectroscopy is a powerful tool to analyze the electronic structure and
chemical composition of surfaces and interfaces [174, 175]. The emergence of ultrafast
ultraviolet, extreme ultraviolet and soft-X-ray pulses enables the monitoring of processes
on surfaces with pump-probe experiments in the femtosecond regime [176]. A current
scientific frontier is the usage of such pulses produced by high-harmonic generation or
free-electron lasers to observe core-level shifts [177–181]. This approach can also be
applied to large molecules adsorbed on surfaces to probe the local chemical environment of
specific atoms [182,183]: Dachraoui et al. performed time-resolved spectroscopy of the 4d
core-level of iodine in an adsorbate molecule and unveiled a molecular configuration cycle
after excitation [182]. Siefermann et al. observed a chemical shift of the ruthenium 3d peak
in the N3 dye (molecule (4) introduced in chapter 6) adsorbed on zinc oxide after optical
excitation and associated it with an interfacial charge transfer state [183]. Photoinduced
transfer of charge carriers is a common process in metal-organic dyes: The MLCT is a
process in metallorganic dyes occurring after light absorption. Due to different locations of
the HOMO and the LUMO, the electron density is shifted during an electronic transition,
which can reduce or oxidize different parts of the molecule. A range of processes can
follow the MLCT, such as intersystem crossing, the population of long-lived triplet states or
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(c)
Al2O3
NiAl(110)
(a) (b)
(c)
Figure 7.2: (a) Structure of [Re(NCS)(CO)3(bipy)]. (b) [Re(NCS)(CO)3(2CPO3bipy)]
/Al2O3/NiAl(110) heterostructure. (c) Change of electron density dur-
ing the a1A′ → a3A′ (left) and a1A′ → a3A′′ (right) electronic transition
[Re(NCS)(CO)3(bipy)]. Blue indicates a decrease and violet an increase of
electron density. Panel (c) reprinted from Vlcˇek and Záliš [187].
high spin states, structural reorganization of the molecule and coherent coupling between
energetically close states [140,184–186]. Siefermann et al. [183] calculated that the MLCT
should induce a core level binding energy shift of the Ru 3d peak between 0.5 and 1.4eV
due to the removal of electron density at the ruthenium center of the N3 dye, indicating
that this process can also be observed by time-resolved core-level spectroscopy.
Here, we investigate the MLCT of the rhenium-based dye molecule [Re(NCS)(CO)3(bipy)]
on ultrathin alumina films with time-resolved core-level spectroscopy. The rhenium 4f
core-level has a binding energy of 42.1eV [52], making it accessible for probing with
ultrashort extreme ultraviolet pulses generated by the Harmonium beamline at the Lausanne
Centre for Ultrafast Science at the Ecole Polytechnique fédérale de Lausanne [188, 189].
The structure of [Re(NCS)(CO)3(bipy)] is displayed in Fig. 7.2 (a), which is the core
of the molecules used here. The modified molecule featuring phosphate linker groups
([Re(NCS)(CO)3(2CPO3bipy)]) is attached to an ultrathin alumina film on a NiAl(110)
substrate, as shown in Fig. 7.2 (b). Previous work [146, 187] demonstrated that optical
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Figure 7.3: Re 4f spectrum of a multilayer coverage of molecules before (grey, black)
and 500 fs after excitation (red). The recorded data (thin lines) was binned
(markers). A fit (black line) with an exponential background describes the Re
4f prior to excitation.
excitation initiates a shift of electron density in [Re(NCS)(CO)3(bipy)] from the metal
center and the axial thiocyanate ligand to the bipy (Fig. 7.2 (c)). We observe a chemical
shift of approximately 0.9eV after the optical excitation and associate it with the MLCT.
We further find that the signal of the oxidized rhenium species oscillates with a period of
180fs, indicating that charge is transferred back and forth on the molecule. A possible
interpretation is discussed involving vibrations of the molecule, but it is concluded that
further experiments and a better understanding of the photoemission process in excited
molecules are required.
7.2 Results and discussion
Fig. 7.3 shows the spectrum of the Re 4f peak of a multilayer coverage
[Re(NCS)(CO)3(DCO2bipy)] (molecule (1) in Fig. 6.1) prior to excitation (black), a
fit of the binned data, and comparison to a spectrum after excitation (red). An exponential
background is used to account for the increase of secondary electrons. The branching
ratio is the intensity ratio between the two spin-orbit-split peaks. A value of 1.54±0.15
is deducted from the fit and is significantly higher than 1.25, which is the expected value
based on the degeneracy of an f-peak. Similar effects were already observed by Ausmees
et al. [190] for the 4d branching ratio of Xenon for low photon energies and were explained
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within the relativistic random-phase approximation [191, 192]. After excitation (red), the
spectrum shows an additional feature at higher binding energies. Fitting the spectrum with
two rhenium doublets having the same spin-orbit splitting, branching ratio and peak width
did not lead to satisfying results. Dachraoui et al. [182] observed strong changes in the
branching ratio of the I 4d peak in iodo-phenylphenol while exciting the molecule, and
proposed an explanation based on the changes in the electronic configuration and the popu-
lation of magnetic sub-levels of the spin-orbit-split core-levels during the excitation [182].
Similar effects might also occur in our case. To quantify the chemical shift, the turning
point at the high binding energy side of the Re 4f peak is determined, as indicated in Fig.
7.3. We find a shift of 0.9±0.2eV.
A MLCT state, where the electron density is shifted from the rhenium, the axial thio-
cyanate ligand, and the carbonyls of the molecule to the bipy, is predicted to induce a
chemical shift of 0.8eV (see Table 7.1). Other possible scenarios are the injection of the
excited electron into the substrate or the reception of an electron being transferred from
the metal substrate into the hole of the molecule. Both scenarios require interaction of the
molecule with the metal substrate, which we do not expect for a multilayer sample to be
dominant. Further, they would lead to significantly different chemical shifts (see Table
7.1).
In a next step, we study the excitation of a monolayer of [Re(NCS)(CO)3(2CPO3bipy)]
(molecule (2) in Fig. 6.1)at different time delays. Fig. 7.4 (a) shows the average of two
spectra recorded 450 and 850fs before the pump pulse reaches the sample. The data
points in the recorded spectra are binned to markers, and the error bars correspond to
the respective standard deviations. One marker at 42eV was removed for this and all
following spectra, as a "‘hot pixel"’ of the channel plate detector (see Fig. 7.4 (a), gray
line). A fit with an exponential background is applied to account for the edge of the channel
plate detector at the low binding energy side of the spectrum. The branching ratio is here
1.66±0.10. A slight deviation from the previous experiment can be explained by the higher
photon energy used for this experiment. No drastic change is observed in the spectrum
directly after excitation (Fig. 7.4 (b)). The most significant change is observed 350fs after
Table 7.1: Binding energy shift (∆E) of the Re 4f peak for the excited molecule in the
triplet state (M∗), the positively charged molecule (M+), and the negatively
charged molecule (M−). Courtesy of Marcella Ianuzzi.
state ∆E (eV)
M∗ +0.8
M+ +4.2
M− −3.4
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Figure 7.4: (a) Re 4f spectrum before excitation (gray), binned data (black markers), and fit
(solid black line). (b) to (f) display binned data for different time delays (red).
Binned data and the fit of the molecule prior excitation from (a) is attached to
each graph to enable a better comparison.
excitation (Fig. 7.4 (c)), similarly as observed previously in the multilayer coverage (Fig.
7.3). This additional intensity vanishes again within 100fs (Fig. 7.4 (d)). However, it
seems to reappear after additional 100fs again (Fig. 7.4 (e)) and vanishes again within
100fs (Fig. 7.4 (f)).
Fig. 7.5 (a) shows the difference spectrum 350fs after the excitation. Two new features
appear, which we attribute to a shift of the Re 4f duplet. The shifted component of the 4f7/2
is significantly smaller than the one from the 4f5/2, as it needs to compensate a depletion
of the unexcited species in this region. The additional intensity occurring from the 4f5/2
between 46.1 and 46.8eV thus seems to be the best indicator for tracking the temporal
evolution of the oxidized rhenium caused by the MLCT for different time delays (gray
shaded area in Fig. 7.5 (a)). Fig. 7.5 (b) Shows the integrated intensity between in this area
for different time delays in five independent angle ranges of the detector. All traces show a
similar signature, indicating an oscillation which has a maximum at approximately 350fs,
and decays later. Fig. 7.5 (c) summarizes the five traces. Intensity beneath zero might be
due to a depletion of the neighboring peak of the unexcited species or due beam walk on
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Figure 7.5: (a) Difference spectra for t=+350 fs (red) and bined data (black markers). The
black line indicates zero. The gray marked energy range is used for analyzing
the intensity at different time delays. (b) Intensity evolution for different time
delays in the gray marked energy range in (a) for different angle ranges of the
channel plate detector (orange: -9◦ to -5◦, yellow: -5◦ to -1◦, green: -1◦ to 3◦,
blue: 3◦ to 7◦, magenta: 7◦ to 11◦). (c) Average of the five curves shown in (b).
The errorbars correspond to the standard deviation. (d) Fourier transform of
(c).
the sample for different delays. Modulation of the shown transient due to the presence
of the 4f7/2 peak from fully ionized molecules cannot be excluded, but the appearance of
the second feature between 43 and 44eV (in 7.5 (a)) indicates that this could only be a
minor contribution. The period of the oscillation is approximately 180fs. This indicates
that charge is transferred away from and back to the rhenium atom in regular time intervals.
A Fourier transform (Fig. 7.5 (d)) of the transient confirms an oscillation with a frequency
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(a)
(b)
(c)
178 fs period
Figure 7.6: (a) Structure of [Re(NCS)(CO)3(bipy)] in the ground state (left) and in the
lowest triplet excited state (right) (coordinates from Kvapilová et al. [147]).
(b) Representation of a NCS displacement during a molecule vibration in
[Re(NCS)(CO)3(DCO2bipy)] with a periodicity of 178fs (courtesy of Ricardo
J. Fernández-Terán). The black arrows indicate the displacement vectors. (c)
Scheme of the the proposed scenario. X represents the spatial or nuclear
coordinate.
of approximately 4 to 5THz.
In a next step, a possible interpretations for the periodical occurrence of the oxidized
rhenium is discussed based molecular vibrations. Molecules can undergo significant struc-
tural changes during light exposure and during electronic excitations [184, 185]. Fig. 7.6
(a) shows the side view of [Re(NCS)(CO)3(bipy)] in the ground state and in the lowest
triplet-excited state, as calculated by Kvapilová et al. [147]. The molecule was rotated
for clarity so that the bipy in both models are in the same plane. In the ground state, the
thiocyanate is inclined to the bipy. During the MLCT, a significant amount of electron
density is transferred to the bipy from both, the thiocyanate and the rhenium. This leads to a
repulsion between the thiocyanate from the bipy an reshapes the molecule (see Fig. 7.6 (a)).
Both these structures represent the initial and the final state of the MLCT. The hypothesis
is that the initial MLCT triggers a motion in the molecule. Fig. 7.6 (b) pictures how
the thiocyanate is displaced in [Re(NCS)(CO)3(DCO2bipy)] during a molecular vibration
with a periodicity of 178fs (singlet ground state, in acetonitrile). Further similar lattice
vibrations can occur with periodicities of approximately 180fs [193]. Even though the
vibration frequency can change due to the environment and although a different linker
group was used, we speculate that a similar molecular motion could be initiated during
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the optical excitation1. The scheme in Fig. 7.6 (c) summarizes this hypothetical scenario.
Electrons are excited from the ground state (blue) into the 1MLCT (brown). According
to the Franck–Condon principle, the electron movement can be considered instantaneous
when compared to a nuclear motion. The electronic transition into the 1MLCT state brings
the molecule into a new vibrational level, triggering in the here given case oscillations of
the molecule. The movement of the electron on the molecule defines the rise and fall of the
feature observed in the time-resolved core-level spectroscopy at binding energies between
46 and 47eV (Fig. 7.5 (a)). Thus, the observed 180fs period can be interpreted as a charge
carrier oscillation, which could be connected or triggered by a molecular vibration. After
approximately 300fs a significant rise is observed in the amplitude of the signal (in Fig. 7.5
(b) and (c)). Intersystem crossing leading to the occupation of triplet states is observed in
the similar [Re(L)(CO)3(bipy)] (L=Cl, Br, I) complexes in solution at time scales between
80 and 170fs [140, 194] (depending on the axial ligand and the solvent environment).
This process, or the occupation of an interface state, could drive the electron further away
from the metal center, making the chemical shift in the time-resolved core-level spectra
after 300fs more pronounced. After this rise, the amplitude decays with a lifetime of
approximately 190fs. A decay through interaction with the metal substrate seems to be
a reasonable interpretation. Excited electrons from the molecule can tunnel through the
ultrathin alumina layer into the substrate. After this process, additional contributions due
to the fully ionized molecule might occur (see Table 7.1), but could not be detected within
these measurements.
7.3 Summary and Outlook
Time-resolved core-level spectroscopy is used as a tool to observe ultrafast charge transfers
in rhenium based dye molecules. The oxidation of the metal center during the MLCT
causes a measurable chemical shift, which is in agreement with the calculated value. An
oscillating appearance of oxidized rhenium with a periodicity of 180fs is observed in the
[Re(NCS)(CO)3(DCPO3bipy)]/Al2O3/NiAl(110) heterostructure. We speculate about a
possible structural rearrangements of the molecule which could induce molecular vibra-
tions and cause these periodic changes, but a final explanation of the observed phenomena
cannot be given.
Further experimental and computational work is required to give a clear picture of the
1Further, the influence of the metallic substrate could alter these vibrations.
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processes following the optical excitation in rhenium dyes. Further, it is not possi-
ble to clearly differentiate between properties of the isolated molecule and properties
of the [Re(NCS)(CO)3(DCPO3bipy)]/Al2O3/NiAl(110) heterostructure. Interaction of
molecules with metal surfaces can change both, their vibration frequency and damp-
ing [195–197]. Further, the influence of the a surface dipole change during the MLCT and
the change of the image dipole are not assessed here. Also a better understanding of how
excitations in molecules can affect the branching ratio during photoemission experiments
is needed to interpret the changes in core-level spectra.
In future, the lifetime of the excited electrons could be increased in this system by using
thicker alumina films, making it possible to observe the oscillations on a longer timescale.
Semiconducting substrates could be used to promote electron injection from the molecule
into a substrate or from the substrate to the molecule to study ultrafast charge transfers at
the interface and processes in the charged molecule. Higher energies for the probe pulse
(accessible, e.g., at free-electron lasers) would enable the detection of more core-levels.
Charge transfer between different atoms could thus be observed as a change of oxidation
state with high temporal resolution and elemental selectivity.
7.4 Experimental Section
Sample preparation was conducted in a modified VG ESCALAB 220 UHV system with
a base pressure of 2 · 10−10 mbar [49]. NiAl(110) single crystals were purchased from
MaTecK - Material-Technologie & Kristalle GmbH. For the multilayer sample (Fig. 7.3)
the NiAl(110) surface was cleaned with argon sputtering, oxidized for 1minute in air,
and a multilayer of [Re(NCS)(CO)3(DCO2bipy)] was deposited as described in section
5.2. For the monolayer sample (Fig. 7.4 and 7.5), a well defined ultrathin alumina film
with a thickness of 0.5nm was grown on a clean NiAl(110) surface, as described in
detail in section 4.1. The ultrathin alumina film was functionalized with a monolayer of
[Re(NCS)(CO)3(DCPO3bipy)] as described in section 5.2. The samples were transferred
in a vacuum container to the Harmonium beamline and within a short air exposure mounted
on a new sample holder.
The experiments were performed at the Harmonium-light source, for which a detailed
description can be found elsewhere [188, 189]. The laser setup was operated with a 3kHz
repetition rate. A 3.1eV pump pulse with a diameter of 1mm was generated via second
harmonic generation in a BBO crystal and had a power of 6mW. The multilayer sample
was studied with an 78eV probe, and the monolayer with 88eV. Radiation damage was
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observed over the course of the experiments and is discussed in Appendix D.1. A delay
stage in the beam path of the pump beam was used to vary the time delay between pump
and probe pulse.
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8 Conclusion and Outlook
The goal of this thesis is to introduce a well-defined model system for surface science
to study dye molecules on insulating thin films. The prototypical 2L-alumina/NiAl(110)
system is used as a starting point and developed further by extending the alumina thickness
in a well defined manner. A method for SAM deposition without exposing the substrate to
air is developed, and tested during the characterization of a variety of dye molecules. As
the last step, ultrafast time-resolved core-level spectroscopy is implemented as a method to
study intramolecular charge transfer.
In a first step, the growth of alumina thin films on NiAl(110) is studied. Two methods are
compared for growing films of variable thickness: The direct high-temperature oxidation
of the clean NiAl(110) surface and the continued oxidation of 2L-alumina/NiAl(110). The
latter balances the relevant processes during the film growth in a more favorable manner
and delivers films of better quality. The large surface unit cell of 2L-alumina is maintained
in the studied thicknesses range of up to 1.5nm. The arrangement of the atoms inside of
the unit cell changes for thicker films, which is assigned as the formation γ−Al2O3(111)
nuclei inside the larger unit cell. The band structure does not change drastically when the
thickness of the alumina films is increased.
The resulting thin films are prone to further oxidation in air, which is an obstacle for
the functionalization with dye molecules from solution. To overcome this limitation, a
dedicated vacuum chamber was built. This new chamber enables the SAM deposition from
solvent without exposing samples prepared in the UHV to air. A SAM of dye molecules
can act as a capping layer and passivate the oxide layer.
Three rhenium dyes with systematically varied anchoring groups are deposited on 2L-
alumina/NiAl(110) and are characterized with XPS and UPS. Exchanging carboxyl groups
with methylene phosphonate groups on the bipy does not alter the molecular density
of electronic structure of the HOMOs drastically. When the linker is attached at the
axial ligand, the molecular coverage is reduced and the structure of the HOMO is affected.
Further, two prototypical ruthenium dyes are adsorbed, which have a very similar electronic
structure and molecular density. Compared to the rhenium dyes, the ruthenium dyes are
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significantly larger and require more space on the surface.
Ultrafast core-level spectroscopy on the 4f electrons of a rhenium dye on an alumina thin
film is used to study charge transfer processes. The oxidation of the metal center due
to the MLCT can be observed by a chemically shifted species. This oxidized rhenium
species shows an ultrafast oscillating behavior, for which no final explanation is given
at the moment. It is speculated about a connection to a vibrational movement which is
initiated during the optical excitation and causes intramolecular charge transfer.
Further effort is required to reach a satisfactory understanding of the observed oxidation
state oscillations and charge transfer phenomena. Experiments with thicker alumina layers
can increase the lifetime of the excited state to longer timescales. Varying the alumina
thickness can also give insights about occurring tunneling processes. The usage of a
semiconducting substrate can promote the oxidation or reduction of the excited molecule
and give insight about the charged molecule, which are relevant species in homogeneous
catalysis and could be used in heterogeneous catalysis. Modification of the dyes axial
thiocyanate ligands could induce changes in the molecular vibrations and help to unravel
the underlying mechanisms of the observed oscillations. Using pulsed light sources with
higher photon energy, like free electron lasers, would make more core-levels accessible.
This would enable the observation of charge carrier movement over the whole molecule,
and possibly even the transfer to other catalyst molecules on the surface.
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A Supplemental Material:Ultrathin
alumina films on NiAl(110)
A.1 From two- to three-dimensional alumina: Interface
templated films and formation of γ-Al2O3(111) nuclei
(Supplemental Material)
This section contains the Supplemental Material of the paper included in section 4.3.
A.1.1 Non-normalized core level spectra
The intensity of the substrate peaks is exponentially dampened when an overlayer is grown
ontop. The measured intensity of the substrate IS can be described by [90]:
IS
I∞S
= exp
(
− d
λO (EKin)cosθ
)
, (A.1)
and for the overlayer IL by:
IL
I∞L
= 1− exp
(
− d
λO (EKin)cosθ
)
. (A.2)
Here d is the overlayer thickness, λO is the inelastic mean free path of the photoelectrons
in the overlayer and θ is the electron emission angle. The respective spectra were taken at
normal emission θ = 0◦. The Ni0 3p, the Al0 2p and the Al3+ 2p peaks have nearly the
same binding energy and thus kinetic energy in the range of 1177 to 1187eV. The same
λO (EKin) can be assumed for all peaks, as the variation of λO (EKin) is small according to
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Figure A.1: (a) Al 2p and Ni 3p core level spectra of NiAl(110), 2L-alumina/NiAl(110)
and 2L-alumina/NiAl(110) after several oxygen dosages recorded with an
unmonochromatized Mg Kα source. (b) Evolution of the intensity. An
increase of the Al3+ signal indicates oxide formation while the substrate
intensity decreases. The lines indicate the fitted results.
the TTP-2M equation [88]:
λO (1187eV)−λO (1177eV)
λO (1187eV)
≤ 0.007. (A.3)
The peak intensities were fitted according to Eq. A.1 and A.2 and resulted in a com-
mon exponent of λO = 2.24± 0.07nm. This compares well to the theoretical value of
λO (1182eV) = 2.67±0.47nm from the TPP-2M equation [88]. A bandgap of 6.4eV was
used (valence band onset of 4.2eV as determined in A.5(b), conduction band 2.2eV above
the Fermi level [91].
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A.1.2 XPD simulations
Figure A.2: XPD simulations regarding 2L-alumina based on the structural model of
Kresse et. al [31]. No background subtraction is applied. (a) Scattering
of Oi on Os for Θ ≤ 40◦ (tetrahedral blocks). (b) Scattering of Oi on Os
for 40◦ ≤ Θ ≤ 48◦ (pyramidal blocks). (c) Scattering of Oi on all Als. (d)
Scattering of Oi on all Os and Als.
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It is known that under ambient conditions and depending on temperature, the formation of
epitaxial γ-Al2O3(111) and α-Al2O3(0001) on NiAl(110) is possible [95]. The simulated
XPD of α-Al2O3(0001) shown in Fig.S3(c) is significantly different. Further, the formation
of α-Al2O3 requires in general temperatures above 1270K. It is likely that the short range
order in films thicker than 1.0nm can be accurately described as γ-Al2O3(111)-like.
Figure A.3: (a) XPD simulation of γ-Al2O3(111) according to the structural model from
Ref. [93]. (b) As (a), but two-fold symmetrization applied. (c) XPD simulation
of α-Al2O3(0001) according to the structural model from Ref. [96] (six-fold
symmetry applied).
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A.1.3 2nd derivative in energy of the ARPES data
Figure A.4: Inverted 2nd derivative in energy of the measured ARPES data from 2L-
alumina (left) and from a 1.5 nm-thick-film (right) in Fig. 4(a). Identified
bands of the NiAl(110) substrate and of alumina are marked with white and
black dots, respectively.
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A.1.4 Valence band onset and work function
Figure A.5: (a) Fit for determining the valence band onset at Y¯ for 2L-alumina and a
1.5 nm-thick-film. (b) Evolution of the work function with increasing film
thickness measured by ultraviolet photoelectron spectroscopy.
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A.2 Simplified XPD pattern simulations for the high
energy regime and large clusters
The in Appendix A.1.2 and section 4.3.3 used code for the simulation of XPD pattern is a
simple and fast code that can be used for high kinetic energies. It was developed further
and based on three assumptions:
1. The intensity I of a photoelectron wave emitting from an atom is decreasing with
the distance r like a spherical wave: I ∝ 1r2
2. I decreases exponentially due to scattering processes: I ∝ e−r/λ
3. I is enhanced by an enhancement factor X in the forward direction when it encounters
an atom: I ∝ X
Along the internuclear direction, the enhancement factor of one scattering event can be
simplified to [45]:
XJ =
[
1+ f (0)/R j
]2
. (A.4)
Here, R j is the distance between emitter and scatterer and f (0) is the scattering factor.
According to Ref. [45], the scattering factor of copper approaches for high kinetic energies
fCu(0) = 5.54Å. For the simulations it is assumed that f (0) scales with the total electron-
atom elastic scattering cross section σT , which is calculated according to Ref. [94]:
σT (Z,EKin) =
3 ·10−2Z1.7
EKin +0.005Z1.7EKin0.5 +0.0007Z2/EKin0.5
Å
2
. (A.5)
Here, Z is the atomic number and EKin the kinetic energy of the electrons. With this scaling,
the intensity modulation ∆I of a photoelectron wave due to scattering on an atom j can be
expressed as:
∆I j =
[
1+ fCu(0)R j
σT
σCu
]2
R j2
· e−R j/λ . (A.6)
For λ a universal expression of the electron inelastic mean free path is used, which depends
only on EKin (in eV) [175]:
λ =
0.00523E3Kin
48.6−1.76EKin +0.0518E2Kin(−2.61+ ln(EKin))
. (A.7)
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(a)
(c)(b)
Figure A.6: (a) Cluster used for the simulations. (b) Calculated enhancement X . (c) X with
a Gauss divided background.
The total photoelectron intensity is expressed as I = αN, where α is the atomic subshell
photoionization cross section of the emitter and N the number of emitters in the cluster.
The intensity enhancement of the system can then be expressed as:
X =
I +∑ j∆I j
I
. (A.8)
A Gaussian broadening and a binning are used, as previously described (section 4.3.3). This
code neglects most phenomena but can describe observed features in the XPD qualitatively.
The advantage is that it is fast and can be used for large clusters. Fig. A.6 (a) shows the
cluster used for the simulations of 2L-alumina in Fig. 4.4. It contains more than 1000
atoms. The same cluster is used here, and X is computed on a normal computer within a
few minutes. The computed pattern for the enhancement is shown in Fig. A.6. The C2V
symmetry of the substrate and film [29] was applied to the data. The background subtracted
data in Fig. A.6 (c) can be compared to the previous simulations and experimental data in
Fig. 4.4.
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Figure A.7: 2PPE measurements of 2L-alumina/NiAl(110): (a) 2PPE spectra with dif-
ferent photon energies and corresponding fits (black dotted lines). (b) Final
state energy of the measured Fermi edge (red) and the peak position (blue)
dependent on the used photon energy and belonging linear fits.
The conduction band of 2L-alumina was measured with 2PPE. Laser pulses were generated
by a Ti:sapphire laser and the photon energy was varied with an optical parametric amplifier.
The 2PPE spectra for different photon energies are shown in Fig. A.7 (a). Electrons from
the metal substrate are transferred to the conduction band of 2L-alumina with the first
photon. A phonon is required for the change of momentum. The second photon transfers
the electron into the vacuum. The spectra are fitted with the sum of a Fermi function, a
Gauss function and an exponential background. Fig. A.7 (b) shows the final state energy of
the extracted Fermi edge and the peak maximum. The error bars correspond to the standard
deviation. Linear fits deliver a slope of 1.9±0.1 for the Fermi edge, indicating that two
photons promote electrons from the Fermi level of the NiAl(110) substrate to the vacuum.
The slope of the peak maximum is 1.1±0.1. This indicates that an intermediate state at
a fixed energy is filled with a first photon, and electrons from that state are promoted to
the vacuum with the second photon. The position of this feature is 2.2± 0.4eV above
the Fermi level. This value is in good agreement with a value previously found by X-ray
absorption spectroscopy [91].
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B Supplemental material:
Functionalization of ultrathin
alumina films on NiAl(110) with
self-assembled monolayers
B.1 Beam damage through X-ray radiation and loss of
passivation
Radiation damage upon X-ray exposure is a common phenomenon for large molecules
and can be of various origins: Hot electrons generated in the substrate can fill unoccupied
molecular states of antibonding character or scatter in the molecules and excite vibrations.
Further, direct photoexcitation could result in electronically excited states with potential
energy landscapes which lead to dissociation. The X-ray radiation used for the XPS
measurements damages the molecule after a certain time, which is observed in a shift of
the Re 4f peak by 0.5eV to lower binding energies and a peak broadening (Fig. B.1 (a)). A
half-life time T1/2 of the molecules is calculated based on the increase of the full width
at half maximum (FWHM) (Fig. B.1 (b)). Data within T1/2 was used for the analysis of
the molecule composition in Table 1 and Fig. 3 of the main manuscript. After exposing a
sample with damaged molecules to air (Fig. B.1 (c)), we observe new rhenium species at
higher binding energies. Most likely the rhenium from decomposed molecules becomes
metallic and oxidizes during the air exposure. Further, as can be seen by the increase of
the oxide shoulder of the Al 2p peak, the passivation effect of the molecular overlayer is
lost.
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Figure B.1: (a) A shift to lower binding energies and broadening of the Re 4f Peaks during
XPS measurements indicates beam damage by the used X-rays. (b) Saturation
of the FWHM of the Re 4f peaks over time and determination of the half-life
time T1/2. (c) Al 2p, Ni 3p and Re 4f peak
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Figure B.2: Oxygen 1s spectrum of 2L-alumina (blue), after SAM deposition (red), and
after ongoing radiation damage (black).
During SAM deposition a shift to higher binding energies is observed in the oxygen 1s
spectrum due to the formation of further alumina, hydroxide, and due to oxygen in the
molecule. After radiation-induced damage the SAM, a slight decrease in the oxygen signal
and a shift to lower binding energies are observed. This can be due to loss of oxygen in the
carboxyl or carbonyl groups of the molecule.
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C Supplemental Material: Rhenium
and ruthenium dyes with covalent
linkers on alumina/NiAl(110)
C.1 Comparison of molecule (3) in mono- and multilayer
Fig. C.1 compares the mono- and multilayer coverage of molecule (3). The intensity of the
Re 4f peak serves as a normalization factor. Fig. C.1 (a) shows the Al 2p, the Ni 3p and the
Re 4f peaks. As the intensity of the Re 4f peak was used for normalization, they have the
same height, and the substrate Al 2p and Ni 3p peaks are dampened. The S 2p spectrum
(Fig. C.1 (b)) shows in the multilayer coverage one distinguished peak at 169eV , which
is a typical binding energy for sulfones and sulfates [150]. This peak origins from the
OTf counterion. In the monolayer coverage, this peak is not the dominant sulfur species
anymore, which indicates a decomposition of the counterion. Approximately 70% of the
counterions decomposed. In the multilayer, the F 1s spectrum (see Fig. C.1 (c)) of the
multilayer is described well by a single peak at a binding energy of 689eV. Fluorine is
a further element in the OTf counterion. The atomic ratio between sulfur and fluorine
deducted from the S 2p peak at 169eV the F 1s peak and is 1.0:2.1 in the multilayer and
1.0:2.4 in the monolayer, further indicating that they together origin from the OTf. The N
1s peak (Fig. C.1 (d)) shows in the multilayer one clear peak from nitrogen atoms in the
pyridine and bipy. In the monolayer, this peak significantly broadens. The atomic ratios
of rhenium, sulfur, fluorine, and nitrogen are in the multilayer 1.0:1.2:2.2:2.9, and in the
monolayer 1:0:0.8:2.4:3.7 (both sulfur peaks accounted in the monolayer).
We conclude that a multilayer of molecules and counterions can be adsorbed. In the
monolayer, most counterions decompose and release the fluorine.
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Figure C.1: XPS of the (a) Al 2p, Ni 3p and Re 4f, (b) S 2p, (c) F 1s, and (d) N 1s core-level
of molecule (3) in the monolayer (solid line) and multilayer (dashed line).
108
C.2 Beam damage through ultraviolet radiation and calculation of initial work
function
C.2 Beam damage through ultraviolet radiation and
calculation of initial work function
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Figure C.2: (a) UPS of a SAM of molecule (1) within the first 80 seconds under the helium
discharce lamp (red), after 240 seconds (blue), and their difference (black). (b)
Work function decrease of the SAM/alumina/NiAl(110) heterostructure during
the measurement. An exponential fit (dashed line) is used to find the initial
work function. A helium discharge lamp (HeIα , hν = 21.2eV) was used.
Similarly to X-rays while conducting the XPS measurements, also the ultraviolet photons
from the helium discharge lamp damage the molecule. Fig. C.2 (a) shows the measured
UPS of molecule (1) at the beginning of the measurement (red), as in Fig. 6 (a) of the main
manuscript, and the UPS after 240 seconds of measurement (blue). The difference (black)
indicates that density of states is lost 2.8eV beneath the Fermi level, where the HOMO is
located. An intensity gain during the molecule decay is observed 2.0eV beneath the Fermi
level. The work function is measured using the secondary electron cutoff and decreases as
a result of the radiation damage fast over time (Fig. C.2 (b)). An exponential fit is applied
to calculate the initial work function of the SAM, which is (4.30±0.05)eV.
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C.3 Absorption spectrum
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Figure C.3: Absorption spectrum in the ultraviolet-visible photon range of molecule (1) in
acetonitrile (concentration of 0.1mM). Courtesy of Mathias Mosberger.
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Figure C.4: Evolution of the work function under UV light (markers). Exponential fits are
used to find the initial work function of the mono- (solid line) and multilayer
(dashed line). (a) molecule (2) (red) and (3) (magenta) in mono- (circles) and
multilayer (squares). Exponential fits are used to find the initial work function.
(b) Same for monolayers of molecule (4) (orange) and (5) (green).
The dye molecules are prone to radiation damage and are evaluated as discussed in
Appendix C.2. Table C.1 shows the resulting values for the work function and the binding
energy values of the peak maxima from Fig. 6.6.
Table C.1: Work function and peak position of the HOMO measured by UPS.
molecule HOMO (eV) work function (eV)
(1) mono -2.8(5) 4.3(0)
multi -2.7(3) -
(2) mono -2.9(7) 3.5(2)
multi -2.6(4) 4.4(6)
(3) mono -3.1(6) 3.8(8)
-3.8(6)
multi -3.9(1) 3.8(8)
(4) mono -2.1(4) 4.2(5)
(5) mono -2.2(4) 3.8(4)
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C.5 Average separation
Figure C.5: Scheme for the separation of molecules based on a hexagonal arrangement.
The average separation S is calculated from the density of molecules N. The area a molecule
requires at average is assumed to be the of an hexagon with AHex = 2
√
3r2 = 1/N, as
indicated in Fig. C.5. It follows for S:
S = 2 · r
= 2 ·
√
AHex
2
√
3
=
√
2√
3N
(C.1)
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D Supplemental Material:
Metal-to-ligand charge transfer
observed with ultrafast time-resolved
core-level spectroscopy
D.1 Beam damage
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Figure D.1: (a) Spectra of the Re 4f peak prior excitation (thin line) and corresponding
fits (thick line). (b) Evolution of the FWHM of the Re 4f peaks during the
measurement (markers) and a fit with a saturation curve (black line).
Beam damage in rhenium dyes upon X-ray and ultraviolet light exposure was previ-
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D Supplemental Material: MLCT observed with time-resolved ...
ously described (see Appendix sct:BeamDamage and sct:Workfunction). The Re 4f
peak shifts to lower binding energies and broadens. Fig. D.1 (a) shows spectra of the
[Re(NCS)(CO)3(DPO3bipy)] monolayer prior the excitation for different scan numbers,
and corresponding fits with two Gauss curves of the same width. Data points due to a hot
pixel at EB = 42eV were removed. Fig. D.1 (b) show the evolution of the full width at
half maximum (FWHM) during the measurement, indicating a significant increase over
the time of the measurement through beam damage. The whole measurement had a total
number of 583 time-delay scans.
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